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FOREWORD 

The purpose  of this  program was t o  design and optimize an actively  cooled 
panel f o r  a hypersonic  transport   aircraft;  and to   fabr ica te  six fat igue 
specimens and a t e s t  panel fo r   t e s t ing  by  NASA. The program was conducted i n  
accordance w i t h  the requirements and instructions  of NASA RFP 1-15-3785 w i t h  
minor revisions  mutually  agreed upon  by NASA and MCAIR. Customary units were 
used f o r  the principal measurements and calculations.  Results were converted 
t o  the International System of Units 

Mr. Leland C .  Koch  was the MCAIR 
was Principal  Investigator. Mr. L. L 
analyses. 

(SI )   for  the final  report .  
Program  Manager  and Mr. David A .  Ell is  
. Page1  was responsible  for thermodynamic 

i i i  





TABLE OF CONTENTS 

PAGE 
FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i 
T A B L E O F C O N T E N T S  . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 
L I S T  OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v j j  

L I S T  OF ILLUSTRATIONS . . . . . . . . . . . . . . . . . . . . . . . . .  v j j  

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
SYMBOLS  AND  PARAMETERS . . . . . . . . . . . . . . . . . . . . . . . .  5 
DESIGN  REQUIREMENTS . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
FINAL  FULL  SCALE  PANEL  CONFIGURATION . . . . . . . . . . . . . . . . .  10 
PANEL COOLANT PASSAGE REDUNDANCY . . . . . . . . . . . . . . . . . . .  12 
PANEL  DESIGN PROCEDURE . . . . . . . . . . . . . . . . . . . . . . . .  13 

1.- OPTIMIZATION . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
2.- DESIGN OF PANEL  DETAILS . . . . . . . . . . . . . . . . . . . . .  15 
3.- IN-DEPTH  ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . .  16 

FATIGUE  SPECIMENS . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7  

TEST  PANEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19 
FABRICATION PROBLEMS . . . . . . . . . . . . . . . . . . . . . . . . .  20 

CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

A . MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 
A . l  . METALS . . . . . . . . .  ; . . . . . . . . . . . . . . . .  24 
A .2  . COOLANTS . . . . . . . . . . . . . . . . . . . . . . . . .  25 

A .3  - JOINING  MATERIALS . . . . . . . . . . . . . . . . . . . . .  26 

B . FULL  SCALE  PANEL  DESIGN PROCEDURE . . . . . . . . . . . . . . . .  28 

B . l  . OPTIMIZATION . . . . . . . . . . . . . . . . . . . . . . .  28 

B . 2  - DESIGN OF FULL  SCALE  PANEL  DETAILS . . . . . . . . . . . .  35 
B.2.1 . EDGE ATTACHMENTS . . . . . . . . . . . . . . . . .  35 

B . 2 . 2  - INTERMEDIATE FRAME ATTACHMENT . . . . . . . . . . .  36 

B . 3  - IN-DEPTH  ANALYSIS . . . . . . . . . . . . . . . . . . . . .  37 

B.3 .1  . MANIFOLD THERMAL AND  PRESSURE DROP ANALYSIS . . . .  3 7  

B.3 .2  - MANIFOLD AND SPLICE  PLATE TEMPERATURES . . . . . .  38 

B.3 .3  . PANEL  DESIGN  TEMPERATURES . . . . . . . . . . . . .  39 

V 



... .. ............... 

PAGE 

B.3.4 . BONDLINE  INTERFACE CONDUCTANCE . . . . . . . . . .  40 

B.3 .5  . STRUCTURAL F I N I T E  ELEMENT MODEL . . . . . . . . . .  40 
B.3.6 . THERMAL  STRESSES . . . . . . . . . . . . . . . . .  41 
8.3.7 . FRACTURE  MECHANICS . . . . . . . . . . . . . . . .  42 

8.3.8 . PANEL S T A B I L I T Y  . . . . . . . . . . . . . . . . . .  42 
C . FATIGUE  SPECIMENS . . . . . . . . . . . . . . . . . . . . . . . .  44 

C.l . FATIGUE  SPECIMEN  SOLDERING PROCESS . . . . . . . . . . . .  45 
C.2  . FATIGUE  SPECIMEN  TESTS . . . . . . . . . . . . . . . . . .  4 6  

C.2.1 . BASIC  SKIN  SPECIMENS . . . . . . . . . . . . . . .  46 

C.2.2 . CORNER SPLICE  SPECIMENS . . . . . . . . . . . . . .  46 

C.2 .3  . COOLANT PASSAGES/SKIN/MANIFOLD  SPECIMENS . . . . .  4 7  

D . TEST  PANEL  DESIGN AND ANALYSIS . . . . . . . . . . . . . . . . .  50 
D . l  . TEST  PANEL  LOAD  ADAPTER . . . . . . . . . . . . . . . . . .  50 

D.2  . THERMAL AND STRUCTURAL  ANALYSES . . . . . . . . . . . . . .  51 
D.2 .1  . FULL  SCALE  PANEL  ANALYSIS  WITH  ETHYLENE  GLYCOL/ 

WATER . . . . . . . . . . . . . . . . . . . . . .  51 

D.2 .2  . TEST  PANEL THERMAL ANALYSIS . . . . . . . . . . . .  5 2  

D.2 .3  . MANIFOLD PRESSURE DROP ANALYSIS . . . . . . . . . .  5 3  
E . TEST  PANEL  FABRICATION/SOLDERING  PROBLEMS/EVALUATION . . . . . .  5 4  

E . l  . FABRICATION PROCESS . . . . . . . . . . . . . . . . . . . .  5 4  

E . 2  . SOLDERING AND PLATING PROBLEMS . . . . . . . . . . . . . .  5 5  

E .3  . EVALUATION OF FAILURE OF SECOND PANEL . . . . . . . . . .  57 

v i  



I -  . 

LIST OF TABLES 

TABLE 

1 
2 
3 
4 
5 

6 

7 

8 
9 

10 

TITLE 

Factors  of  Safety . . . . . . . . . . . . . . . . . . . .  
Mass of Full  Scale Panel Details . . . . . . . . . . . . .  
Optimized Panel Variables . . . . . . . . . . . . . . . .  
Comparison  and Rating of Aluminum Material  Candidates . . 
Mechanical and  Thermal Property Data f o r  Adhesives and 

Low Temperature Solder . . . . . . . . . . . . . . . . .  
S k i n  Bondline Thermal Characteristics . . . . . . . . . .  
Comparison of Cool ant  Properties . 60% Aqueous Solutions 

of Methanol  and Ethylene Glycol . . . . . . . . . . . .  
Full  Scale Panel Component Stress Levels . . . . . . . . .  
Test  Results  for  Soldered Lap Shear Coupons . . . . . . .  
Summary of Panel Pressures . . . . . . . . . . . . . . . .  

LIST OF ILLUSTRATIONS 

PAGE 

61 
62 

. . . .  63 

. . . .  64 

. . . .  

. . . .  

. . . .  65 

. . . .  66 

. . . .  67 

. . . .  68 

. . . .  69 
. . . .  70 

FIGURE  TITLE 

1 Full  Scale Panel  Design Limit Loads . . . . . . . . . . . .  
2 Relative Mass of  Actively Cooled  Panel Concepts . . . . . .  
3 I l l u s t r a t ion  o f  Full  Scale  Actively Cooled Panel Details . . 
4 Top  View of Panel . . . . . . . . . . . . . . . . . . . . .  

6 Actively Cooled  Panel Manifold . . . . . . . . . . . . . . .  
7 Dee Tube/Manifold Joint  Details . . . . . . . . . . . . . .  
8 Intermediate Frame Attachment . . . . . . . . . . . . . . .  
9 Panel Corner Design . . . . . . . . . . . . . . . . . . . .  

10 Panel Optimization  Variables . . . . . . . . . . . . . . . .  
11 Optimization  Process . . . . . . . . . . . . . . . . . . . .  

Full  Scale Panel . . . . . . . . . . . . . . . . . . . . .  
13 Dee Tube Forming Procedure and Size . . . . . . . . . . . .  

5 Details of F u l l  Scale Panel S k i n s .  Tubes  and Honeycomb Core 

12 Fatigue Specimens  Are  Designed t o  Evaluate Three Areas of 

PAGE 

. . .  71 

. . .  72 

. . .  73 

. . .  74 

. . .  75 

. . .  76 

. . .  77 

. . .  78 

. . .  79 

. . .  80 

. . .  81 

. . .  82 

. . .  83 

v i  i 



LIST OF ILLUSTRATIONS  (CONTINUED) 

FIGURE TITLE PAGE 

14 Manifol  d/Tube  Assembly  Weldi ng Sequence . . . . . . . . . . . . .  84 
15 Basic Skin Specimen . . . . . . . . . . . . . . . . . . . . . . .  85 
16 Skin/Dee Tube/Manifold Specimen (Soldered Specimen) . . . . . . .  86 
1 7  Corner Splice  Fatigue Specimen . . . . . . . . . . . . . . . . . .  87 
18 Fatigue Specimen Test Loads . . . . . . . . . . . . . . . . . . .  88 
19 Actively Cooled Test Panel . Suppor t  Frames. and Load Adapters . . 89 
20 Aluminum Ultimate Tension Efficiency vs Temperature . . . . . . .  90 
21 Aluminum Tension Yield  Efficiency vs Temperature . . . . . . . . .  91 
22 Aluminum Compression Yield  Efficiency vs Temperature . . . . . . .  92 
23 A1 umi num Stiffness  Efficiency vs Temperature . . . . . . . . . . .  93 
24 Aluminum Crippling  Efficiency vs Temperature . . . . . . . . . . .  94 
25  Aluminum  Face Sheet Wrinkling Efficiency vs Temperature . . . . .  95 
26 Aluminum Coefficient of Expansion vs Temperature . . . . . . . . .  96 
2 7  Aluminum Stress  Intensity. Kc.  a t  Room Temperature . . . . . . . .  97 
28  Comparison  of  Crack Growth Rate vs Stress  Intensity Range . . . .  98 
29 Maximum Fatigue  Stress vs Cycles t o  Failure . . . . . . . . . . .  99 

30 Allowable Tension Stress vs Stress  Concentration  Factor . . . . .  100 
31 Critical  Stress  Intensity. K c .  Range for  2219-T87 and 

Estimated Kc for 2024-T81 . . . . . . . . . . . . . . . . . . .  101 
32 Comparison of 2219-T87 and 2024-T81  Face Sheet Crack Growth . . .  102 
33 Coolant  Density vs Temperature . . . . . . . . . . . . . . . . . .  103 
34 Coolant Specific Heat vs Temperature . . . . . . . . . . . . . . .  104 
35 Coolant Thermal Conductivity vs Temperature . . . . . . . . . . .  105 

37 Coolant Vapor Pressure vs Temperature . . . . . . . . . . . . . .  107 
38 Outer Skin Thickness a n d  Tube Diameter vs  Tube Pitch . . . . . . .  108 

36  Cool a n t  Viscosity vs Temperature . . . . . . . . . . . . . . . . .  1 OG 

39 Structural Unit Mass  vs Outer Skin Thickness . . . . . . . . . . .  109 
40 Structural Mass  vs Inner Skin Thickness . . . . . . . . . . . . .  110 
41 Tube/Skin Thermal  Model  Used I n  Coolant  Evaluation  Analysis . . .  111 
42 Methanol/Water Coolant Minimizes Coolant Mass . . . . . . . . . .  112 
43 Elements Included  in Panel  Thermal Model . . . . . . . . . . . . .  113 

v i i i  



LIST OF ILLUSTRATIONS  (CONTINUED) 

FI GU RE TITLE " PAGE 

44 

45 

46 
47 
48 
49 
50 
51 

52 
53 

54 
55 
56 
57 
58 
59 

60 

61 
62 
63 
64 
65 
66 

67 

Actively  Cooled  Panel  Temperature vs Distance From I n l e t  
Manifold . . . . . . . . . . . . . . . . . . . . . . . . . . .  114 

Outer Skin  Temperature . . . . . . . . . . . . . . . . . . . .  115 
Panel U n i t  Mass vs Outer Skin Thickness . . . . . . . . . . . . .  116 
Manifold  and  Transverse Edge S p l i c e  . . . . . . . . . . . . . . .  117 
Longitudinal Edge S p l i c e  . . . . . . . . . . . . . . . . . . . .  118 

Coolant Flow i n  Selected  Spl i t   Manifold  Design . . . . . . . . .  779 

Sensi t ivi ty   of   Act ively  Cooled  Panel  Mass To Maximum 

Constant  Area  and  Tailored  Manifold Designs are   E l imina ted  . . .  119 

F u l l  Scale   Panel   Inlet   Manifold Pressure Drop and 
APS Mass . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

F u l l  Scale  Panel E x i t  Manifold Pressure Drop . . . . . . . . . .  121 
Coolant Pressures and  Coolant  Mass.  Methanol/Water 

(60/40 by Mass) . . . . . . . . . . . . . . . . . . . . . . .  122 
Three Dimensional Mani f o l d  Thermal Model . . . . . . . . . . . .  123 
Transverse  Temperature   Distr ibut ions  a t   Manifold In l e t  . . . . .  124 
Longitudinal . Tempera tu re   D i s t r ibu t ions   a t   Pane l   In l e t  . . . . . .  125 
Transverse  Temperature   Distr ibut ions  a t   Manifold E x i t  . . . . . .  126 
Longi tudinal   Temperature   Distr ibut ions  a t   Panel  E x i t  . . . . . .  127 

Mani f o l d  Face  Sheet  Temperature vs Interface  Conductance 
of Bond J o i n t  . . . . . . . . . . . . . . . . . . . . . . . .  128  

Cool a n t  Flow Rate  and APS Requirements vs I n t e r f a c e  
Conductance . . . . . . . . . . . . . . . . . . . . . . . . .  129 

Fu l l   Sca le   Pane l   S t ruc tu ra l   Idea l i za t ion  . . . . . . . . . . . .  130 
Actively  Cooled  Panel  Thermal  Stress . . . . . . . . . . . . . .  131 
Actively  Cooled  Panel  Inlet  Manifold Thermal S t r e s s  . . . . . . .  132 
S t r e s s  Level a t  Flaw . . . . . . . . . . . . . . . . . . . . . .  133 
Perforated  Skin Used t o  Minimize  Solder  Joint  Voids . . . . . . .  134 

Specimen . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 
Basic  Skin  Specimen - Fatigue  Crack  Propagation . . . . . . . . .  136 

Radiograph  Posi t ive of Soldered  SkinjDee  Tube/Manifold 

i x  



LIST OF ILLUSTRATIONS (CONTINUED) 

FIGURE TITLE PAGE 

68 Skin/Dee Tube/Manifold Specimen Fatigue Crack Length vs Cycles 
(Soldered  Skin) . . . . . . . . . . . . . . . . . . . . . . . .  137 

69 Glycol/Water F1  ow Rate f o r  Full  Scale Panel Design . . . . . . . .  138 
70  Actively Cooled Panel  Temperatures f o r  a Simulated F u l l  

Scale In l e t  Condition . . . . . . . . . . . . . . . . . . . . .  139 
71 Actively Cooled Test Panel  Temperatures f o r  a Simulated 

Full  Scale E x i t  Condition . . . . . . . . . . . . . . . . . . .  140 
72 Steady S ta t e  Temperatures  of  Transverse Splice  Plate 

A t  Panel Centerline . . . . . . . . . . . . . . . . . . . . . .  141 
73 Manifold  Temperature Differences For a Sudden  Heat-Up 

and Cool  -Down . . . . . . . . . . . . . . . . . . . . . . . . .  142 
74 Panel  Temperature Differences For a Sudden  Heat-Up and 

Cool  -Down . . . . . . . . . . . . . . . . . . . . . . . . . . .  143 
75 Test vs Full  Scale Panel Thermal Stresses 7.62 cm (3.0 i n )  

From I n l e t  Manifold  (Glycol/Water (Solder)) . . . . . . . . . .  144 
76 Test Panel I n l e t  Manifold Pressure Drop . . . . . . . . . . . . .  145 
77 Test Panel Exit Manifold Pressure Drop . . . . . . . . . . . . . .  146 
78 Dee Tubes. End Plugs. and Manifold  Detai 1 . . . . . . . . . . . .  147 
79  Tubes/Mani fold  Detail/Brazing Tool  and  Clamps . . . . . . . . . .  148 
80 Tube/Manifold Brazing  Operation . . . . . . . . . . . . . . . . .  149 
81 Tube/Manifold Assembly . . . . . . . . . . . . . . . . . . . . . .  150 
82 Perforated Outer Skin and Closure Angles . . . . . . . . . . . . .  151 
83 Tinned Outer Skin and Tube/Manifold Assembly . . . . . . . . . . .  152 
84  Setup For Maintaining  Correct  Soldering  Temperature  Profile . . .  153 

86  Cracking i n  6061-T6 Tube . . . . . . . . . . . . . . . . . . . . .  155 
87  Microstructure  of Cracks i n  6061-T6 Tube . . . . . . . . . . . . .  156 
88 Solder Migrated in to  Crack i n  Tube During Soldering  Operation . . 157 
89 EDAX Indicates  Solder Mi grated  Into Crack i n  Tube During 

85 Location of  Cracks and  Leaks i n  Tube/Manifold Assembly . . . . . .  154 

Soldering  Operation . . . . . . . . . . . . . . . . . . . . . .  158 
90 EDAX Indicates No Solder on Mechanically  Fractured Area 

of Tube . . . . . . . . . . . . . . . . . . . . . . . . . . . .  159 
X 



FIGURE 

91 Nickel, /Copper/T 

LIST OF ILLUSTRATIONS  (CONTINUED) 

TITLE PAGE 

i n  P1 ated and Soldered Tube End Over 
Manifold . . . . . . . . . . . . . . . . . . . . . . . . . . .  160 

92 Indication o f  Erosion  Apparently Due to  Solder  Penetrating 
Plating on 2024-T81. . . . . . . . . . . . . . . . . . . . . .  * 161 

x i  



SUMMARY 

Th is   p rogram  cons is ted   o f   the   des ign  and o p t i m i z a t i o n   o f  a f u l l   s c a l e ,  
0.61 x 6. lm (2  x 20 f t ) ,   a c t i v e l y   c o o l e d   s t r u c t u r a l   p a n e l   f o r  a hypersonic  

a i r c r a f t ;   f a b r i c a t i o n   o f   s i x   f a t i g u e  specimens  (about 13 x 28 cm 
( 5  x 11   i n . ) ) ;  and d e s i g n   a n d   p a r t i a l   f a b r i c a t i o n   o f  a 0.61 x 1.22m (2  x  4 f t )  
test   panel .   Problems  encountered i n   p l a t i n g  and so lder ing   the   coo lan t   passages 
t o   t h e   o u t e r   s k i n   p r e v e n t e d   f a b r i c a t i o n   o f   t h e   t e s t   p a n e l .  

The a c t i v e l y   c o o l e d   p a n e l  was designed t o   s u s t a i n   f o r  20000 cyc les  
(5000 x a s c a t t e r   f a c t o r   o f   4 ) ,   c y c l i c   i n - p l a n e  1 imit loading  o f  - +210 kN/m 

(21,200 l b f / i n . )  combined w i t h  a un i fo rm  pane l   p ressu re   o f  - +6.9 kPa (+1.0 p s i )  
w h i l e   b e i n g   s u b j e c t e d   t o  a u n i f o r m   h e a t   f l u x   o f  136 kW/m2 (12 B T U / f t  sec) .  

The a c t i v e l y   c o o l e d   p a n e l   c o n f i g u r a t i o n   i s  a 2.95 cm ( 1 . 1 6   i n .  ) t h i c k  

2- 

adhesively  bonded  aluminum honeycomb sandwich  wi th  a 6061-T6 brazed  mani fo ld /  
Dee shaped ( h a l f   c i r c l e )   c o o l a n t   t u b e  assembly   so ldered   to   the   inner   sur face  
o f   t h e  2219-T87 o u t e r   m o l d l i n e   s k i n .  The i n n e r  and ou te r   sk in   t h i cknesses   a re  
0.041 cm (0.016 i n . )  and  0.102 cm (0.040 i n . ) ,   r e s p e c t i v e l y .  The Dee coo lan t  
tubes  have an 0.089 cm (0.035 i n . )   w a l l   t h i c k n e s s  and a 0.97 cm ( 0 . 3 8   i n . )  

ins ide   d iameter .  The sk ins   a re   adhes ive ly   bonded  to  49.7 kg/m ( 3 . 1   l b m / f t 3 )  
5056-H39 aluminum honeycomb c o r e   w i t h  FM-400 film type  adhesive.  The 
honeycomb core i s  bonded t o   t h e  Dee tubes and t h e   m a n i f o l d s   w i t h  FM-404 

foaming  type  adhesive. 

3 

M a n i f o l d s   l o c a t e d   a t  each  end o f   t h e   p a n e l   d i s t r i b u t e   t h e   c o o l a n t   i n t o  24 
Dee t u b e s   w h i c h   a r e   p a r a l l e l   t o   t h e   l o n g i t u d i n a l   p a n e l  edges  and are  spaced 
2.54 cm (1.0 i n )   a p a r t .  The coo lan t ,  a 60/40 mass s o l u t i o n   o f   m e t h a n o l / w a t e r  
w i t h  an i n l e t   t e m p e r a t u r e  o f  256K (OOF) , i s  pumped th rough  the  Dee tubes   a t  a 

f l o w   r a t e  of  98.4  g/s  (780  lbm/hr)  per  tube. 
The d r y  mass o f   t h e   o p t i m i z e d   f u l l   s c a l e   p a n e l   i s  12.78 kg/m (2.62 

l b m / f t  ) , and  the   coo lan t   inventory  mass p lus   t he   aux i  1 i a r y  power  system mass 
r e q u i r e d   t o   c i r c u l a t e   t h e   c o o l a n t  i n  t h e   p a n e l   i s  2.0 kg/m ( .41   l bm/ f t  ) ,  f o r  2 2 

a t o t a l   p a n e l  mass o f  14.78  kg/m (3.03 l b m / f t  ) .  2 2 

2 
2 

Fat igue  specimens  were  fabr icated  by M C A I R  and t e s t e d   a t  room temperature 
by NASA t o   e v a l u a t e   c r i t i c a l   d e s i g n   a r e a s  and i d e n t i f y   p o t e n t i  a1 manufactur ing 
prob lems.   Dur ing   fabr ica t ion  , t h e   s i   l v e r - f i   l l e d  Eccobond 58C adhesive 



(hereinafter  referred  to  as  "elevated  temperature  curing si  1 ver-fi 11 ed 
adhesive") used to  attach  the  coolant  tubes  to  the  outer skin was found t o  
have unacceptably low thermal conductivity and i t  was replaced by a low 
temperature  solder (91 Sn - 9 Z n ) .  Fatigue t e s t s  confirmed that  the 20,000 
cycle  design l i f e  could be sa t i s f ied  using either  solder o r  elevated  temperature 
curing  silver-filled  adhesive. 

Although fabrication and tes t ing of the  soldered  fatigue specimen were 
successful,  attempts t o  solder a 0.61 x 1.22m ( 2  x 4 f t )   t e s t  panel were 
unsuccessful. Development of a suitable  plating/soldering  process was 
considered by NASA t o  be  beyond the scope of the program, and  t e s t  panel 
fabrication was terminated. 
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INTRODUCTION 

Design of efficient  structures  capable of  long l i fe   operat ion i n  the 
severe thermal  envi ronment experienced by hypersonic  cruise  aircraft   is  a 
d i f f i c u l t  problem. High  potenti a1 exis ts   for   s t ructural  mass reduction and 
cost  savings i f  low cost and  low density  materials, which operate 
e f f i c i e n t l y   a t  low temperature,  are used. Actively  cooled  structural  panels 
have  been proposed (References  1-4)  as a means of  achieving these goals 
since  they  are  conceptually  capable  of  handling the severe thermal environment 
encountered by hypersonic  cruise  aircraft. The active  cooling  concept  uses 
a coolant which c i rcu la tes ,  i n  a closed  loop, t h o u g h  the  s t ructure  then 
through a heat  exchanger where the absorbed heat i s   t ransfer red  t o  hydrogen 
fuel  enroute t o  the  engines. Long l i f e  can be achieved by cooling  the 
s t ructure  t o  temperatures which permi t use of conventional  materials such as 
aluminum. Although several   different concepts can  be configured t o  
incorporate  active  cooling,  the  only  concept  considered  indepth  in  the 
present  study was a honeycomb sandwich with  coolant  passages  contacting  the 
moldline  skin. 

Program objectives were: ( 1 )  t o  add t o  the  technology  base o f  actively 
cooled  hypersonic a i rc raf t   s t ruc tures  by designing and optimizing a 
representative  full   scale 0.61 x 6. lm ( 2  x 20 f t )  panel for  a hypersonic 
t ransport   a i rcraf t ;  ( 2 )  t o  fabr icate   s i  x fatigue specimens and  one 0.61 x 
1.22m ( 2  x 4 f t )   t e s t  panel for   t es t ing  by NASA; and ( 3 )  t o  ident i fy   cr i t ical  
engineering and manufacturing  parameters  for  actively  cooled  structures. 

Design requirements were established  for a panel  of a hypersonic  trans- 
por t   a i rc raf t  and trade studies conducted t o  determine  the aluminum alloy 
and the cool an t   tha t  would  meet those c r i t e r i a  w i t h  minimum to ta l  mass, i .e .  , 
st ructural  mass , plus cool ant  inventory mass , plus auxi 1 i ary power system 
mass for   c i rculat ing the coolant i n  the panel.  Several  candidate a1  uminum 
alloys (2014-T6 , 2024-T81 , 2219-T6,  2219-T87,  6061-T6,  7075-T6,  and  7475- 
T761)  and several  coolants  (alcohols , glycols,  coolanols , freons , and 
fluorochemicals) were evaluated. 

The requirements,  trade studies and optimizat 
fatigue tes t  results, and fabrication problems for  

ions , methods of ana 
the actively cooled 

lys i s  , 
panel 
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design are summarized i n  the body of this report and s u p p o r t i n g  detai  1s  are 
presented i n  appendices. 

Certain commercial materials  are  identified i n  this paper to  specify 
adequately which materials were used i n  the  research  effort. In no case does 
such identification imply recommendation or endorsement of the  product by 
NASA, nor does i t  imply t h a t  the  materials  are  necessarily  the  only ones o r  
the  best ones available  for  the purpose. In many cases  equivalent  materials 
are  available and  would probably produce equivalent  results. 
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SYMBOLS AND PARAMETERS 

APS 
b 

cP 
G 
D 
da/dn 
E 
E '  

F 

FC 

FCY 

FI 
FO 

F t u  

f 
G 

H 

H D  
HP 
h 
hr 
I 
i n .  
K 

KC 

KT 
k 

Auxi 1 i ary Power  Sys  tem 
Length of panel edge, m (  i n .  ) 
Specific  heat, J/kg*K (Btu/ lbm O F )  

Cen t e r l  i ne 
Tube inside  diameter, m ( i n . )  
Crack growth ra te ,  m/cycle (pin/cycle) 
Young's Modulus of Elasticity,   Pa(psi)  
Effective modulus of e l a s t i c i ty  of face  sheet,  Pa(psi) 
Effective modulus of core,  Pa(psi) 
Allowable s t ress ,   Pa(psi)  
Core flatwise compression strength; or compression s t r e s s ,  

Pa(psi) 
Compression yield  s t ress ,   Pa(psi)  
Allowable s t ress  of inner  face  sheet,  Pa(psi) 
Allowable s t ress  of  outer  face  sheet,  Pa(psi ) 
Tensile  ultimate  stress  Pa(psi ) 
Tensile  yield  stress,   Pa(psi)  
Face wrinkling  stress,   Pa(psi)  
Fanning fr ic t ion  factor  
APS conversion factor ,  kg/W-s (lbm/Hp-hr) 
Distance between skin  centroids  m(in.) 
Hydraul i c diameter m (  i n .  ) 
Horsepower 
Heat transfer  coefficient W/m2*K (BTU/ f t  * h r * O F )  
Hour 
Moment of Iner t ia ,  m ( i n  ) 
Inch 
Panel buckling  coefficient; o r  s t ress   intensi ty   factor ,  

2 

4 4  

P a h i  ( k s i K )  
Cri t ical   s t ress   intensi ty   factor ,  P a h i  ( k s i  A n . )  
Loss coefficient;  or stress  concentration  factor 
Thermal conductivity, W/m*K (BTU*in./hr*ft2 O F )  

- 



ks i 
L 

1 b f  
1 bm 

ML 
m 
N 

C 

P 
P r  

;I 
R 

Re 
S 

Sn 

T 

TC 

T~~ D 

TO 
t 

tt 
V 

W 
Zn 

a 
6 
A 

U 

P 

$ 

$0 
e 

Thousand  pound fo rce   pe r   square   i nch  

Length,   m(in.)  

Pounds f o r c e  

Pounds mass 

Mold  L ine 

Coolant  mass f l ow   ra te ,   kg /s   ( l bm/h r )  

C o m p r e s s i o n   l o a d   p e r   u n i t   l e n g t h   o f  edge N/m (1 b f / i n .  ) ; o r  

c y c l e s   t o   f a t i g u e   f a i l u r e  

P i t c h ,   m ( i n . ) ;   o r   p r e s s u r e ,   P a ( p s i )  

P r a n d t l  number 

Heat f l u x ,  W/m2 ( B t u / f t   s e c )  

S t r e s s   r a t i o  - minimum s t r e s s   d i v i d e d   b y  maximum s t r e s s  

Reynolds number 

Honeycomb c e l l   s i z e ,   m ( i n . )  

T i n  

Temperature, K(OF) 

Local  temperature  of  coolant,  K(OF) 

Temperature of o u t e r   s k i n  midway  between Dee tubes, K(OF) 

Temperature i n   o u t e r   s k i n ,  K(OF) 

Thickness,   m( in . )  

Thickness o f   i n n e r   s k i n ,   m ( i n . )  

Thickness o f   o u t e r   s k i n ,   m ( i n . )  

Th i ckness   o f  Dee t u b e   w a l l  , m( in .  ) 

V e l o c i t y   o f   f l u i d  m/s ( f t / s e c . )  

Mass p e r   u n i t   a r e a  , kg/m (1 bm/ f t  ) 
Z inc 

Coe f f i c i en t   o f   t he rma l   expans ion ,   m /m-K( in . / i n .  OF) 

I n i t i a l   d e f l e c t i o n   o f   f a c e   s k i n ,   m ( i n . )  

D e l t a ;   o r   d i f f e r e n c e  
P o i s s o n ' s   r a t i o ;   o r   f l u i d   v i s c o s i t y ,   P a - s ( l b m / f t . s e c )  

F l u i d   v i s c o s i t y   e v a l u a t e d   a t   w a l l   t e m p e r a t u r e ,   P a - s ( l b m / f t - s e c )  

Dens i ty ,  kg/m 3 (1 bm/ f t3 )  
D e f l e c t i o n  due t o  combined  edgewise  and  normal  loadings,  m(in.) 

D e f l e c t i o n  due to   pane l   normal   load   on ly ,   m( in . )  

Time, hour 
6 
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SUBSCRIPTS 

B 
C 
C 

c r  
HI c 
I 
i 
L 
max 
S 

STR 

T 
1,2,3 e tc .  

kg 
K 
rn 
N 
Pa 
S 

W 

m 

Bond 
Core; compression 
Cool ant 
Crit ical  
Honeycomb 
Inner 
Insulation; o r  i n l e t  
Larni nar  
Maximum 
Skin 
Structure 
Turbulent 
Specific  parameters 

S I  UNITS 

Ki 1 ogram  (Mas s ) 
Kelvin (Temperature) 
Meter (Length) 
Newton (Force) 
Pascal (Pressure and s t r e s s )  
Second (Time) 
Watt (Power) 

SI PREFIXES 

Milli  (lom3) 
Centi (1 o - ~ )  
Kilo ( l o 3 )  
Mega ( lo6)  

, ~ i g a  (lo9) 
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DESIGN REQUIREMENTS 

Design  requirements  were  based  on NASA s p e c i f i c a t i o n s ,   F e d e r a l   A v i a t i o n  

Regulat ions  (Ref.  5 )  , exper ience i n   t h e   d e s i g n   o f  commercial  and m i l i t a r y  
a i r c r a f t ,  and p r a c t i c a l   c o n s i d e r a t i o n s .  NASA spec i f i ed   des ign   requ i remen ts  
a r e   l i s t e d   b e l o w .  

1. F u l l   s c a l e   p a n e l   s i z e :  0.61 x 6. lm  (2  x 20 f t ) .  

2 .   Test   panel   s ize:   0 .61 x 1.22m (2  x 4 f t ) .  

3.   In-plane limit load:  5210 kN/m (+1200 - l b f / i n )   p a r a l l e l   t o   l o n g  edge. 

Panel  must  withstand 5000 f u l l y   r e v e r s e d   l o a d   c y c l e s .  

4. Uni form  pressure  load  on  panel :  56.9 kPa (+1.0 - p s i )   ( P a n e l  limit 

5. U n i f o r m   h e a t   f l u x :  136 kW/m2 ( 1 2   B t u / f t 2 * s e c ) .  
6 .   Coo lan t   ou t le t   p ressure :  a t  l e a s t  344.7 kPa (50 p s i ) .  

7. Support   f rame  spacing: 0.61m ( 2   f t ) .  

8. Panel  design  must be r e p r e s e n t a t i v e   o f   h y p e r s o n i c   t r a n s p o r t   s t r u c t u r e .  

9. Fat igue  and  crack  growth  fa i lures  must   be  avoided.  

l oads   a re  shown i n   f i g u r e   1 . ) .  

1 0 .   U n l e s s   o t h e r w i s e   j u s t i f i e d ,   p r i m a r y   s t r u c t u r a l   m a t e r i a l   s h a l l   b e  

a 1 umi num. 

11.  Attachment t o   s i m i l a r   p a n e l s   o n   a l l  edges  and to   fuse lage  f rames 

s h a l l  be  provided. 

12 .   Coo lan t   man i fo lds   sha l l   te rmina te   a t   pane l   edges .  

13.  Total   panel  mass (exc lud ing   f rames)   sha l l  be  minimized. 

14.   Redundant   panel   cool   ing  shal l  be considered i n   t h e   c o n c e p t   s e l e c t i o n .  

Addi t ional   design  requi   rements  were : 

1. A s c a t t e r   f a c t o r   o f   f o u r   t i m e s   t h e  5000 c y c l e s   s e r v i c e   l i f e   s h a l l  be 

used t o   p r o t e c t   a g a i n s t   f a t i g u e   f a i l u r e s   i n   a i r c r a f t   t h a t   e x p e r i e n c e  a more 

severe   than  spec i f ied   serv ice- loads   spec t rum.  A s c a t t e r   f a c t o r   o f   f o u r   i s  

cons i s ten t   w i th   Re fe rence  6. 

2. The s t r u c t u r e   s h a l l   b e   d e s i g n e d   t o   p r e c l u d e   f a i l u r e  and c o o l a n t  

leakage due t o   p r o p a g a t i o n   o f   c r a c k s   f r o m   s u r f a c e   f l a w s   i n   c o o l a n t  passages 

and  fas tener   ho les .  

3. A l i f e   o f  10,000  hours  exposure t o  maximum tempera ture   sha l l  be  used 

i n   t h e   p a n e l   d e s i g n .   T h i s   l i f e   i s   c o n s i d e r a b l y   l o w e r   t h a n   p r e s e n t  day  subsonic 
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transports. However, ( 1 )  a significant  portion of the  total   l i fe   for  a 
typical  hypersonic  aircraft  will be spent a t  speeds we1 1 below the  design 
speed, hence below the maximum temperature; and ( 2 )  the  useful  productivity 
of a hypersonic a i r c ra f t   ( t o t a l  miles  traveled  during  the a i r c r a f t   l i f e ) ,  
because of i t s  higher  speed, wi 11 be comparable t o  t h a t  of a subsonic  transport 
w i t h  much 1 onger l i  fe.  

4. Factors of safety on loads,  temperatures and stresses  are shown in 
Table 1 .  Since  Reference 5 does n o t  specify  factors of safety  for  heated 
structures,   the  factors of safety  for thermal stresses,  temperature, and 
temperature  gradients were based on the recommendations of Reference 7. 
Factors of safety  greater t h a n  one are  applied only t o  in-plane  loads, panel 
pressures, and coolant  pressures when sizing  the panel t o  prevent  failure (an 
ultimate  strength  check). The panel was designed t o  sustain any 
combination of 1 imi t loads and temperature  conditions  without  yielding or 
s ignif icant  permanent s e t ,  and t o  sustain any combination of  ultimate  load 
and temperature  conditions  without  failure. 

5. The panel surface  deviation from contour of +0.051 cm (0.020 in. ) and 
-0.102 cm (-0.040 in.)   are  the same as  t h a t  used for  the forward fuselage of 
the F-15, where a smooth surface  is  required t o  minimize aerodynamic drag. 
This flatness requirement was selected  because,  although  surface smoothness 
a t  hypersonic  speeds i s  n o t  as  important  as i t   i s   i n  the Mach 0.60 t o  Mach 
3.0 range, a hypersonic a i r c r a f t   i s  penalized  as i t  passes t h r o u g h  the 
subsonic and supersonic  region i f  the aircraft   surface i s  n o t  reasonably 
smooth. 
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FINAL FULL  SCALE  PANEL  CONFIGURATION 

A honeycomb sandwich  concept   wi th   coolant   tubes  nested i n   t h e  honeycomb 

core was s e l e c t e d   a f t e r   e v a l u a t i n g   s e v e r a l   c o n c e p t s .  These concepts   inc luded 

corrugated  passages,  bulge  formed  passages,  round  and  square  tubes,  and 

e x t r u s i o n s   w i t h   i n t e g r a l   t u b e s   i n   v a r i o u s   a r r a n g e m e n t s   w i t h   s t i f f e n i n g  

members.  The r e l a t i v e  masses o f   t h e   t h r e e   m o s t   a t t r a c t i v e   c o n c e p t s   a r e  

p r e s e n t e d   i n   F i g u r e  2 .  The lower  mass o f   t h e   t u b e  honeycomb concept, i t s  

a b i l i t y   t o   e n c a p s u l a t e   t h e   c o o l a n t  passages  and p e r m i t   t h e  honeycomb c o r e   t o  

a c t  as  a l e a k   s t o p p e r ,   a n d   t h e   s i m p l i c i t y   o f   a t t a c h m e n t   t o   s u b s t r u c t u r e  and t o  

a d j a c e n t   p a n e l s   r e s u l t e d   i n   s e l e c t i o n   o f   t h i s   c o n c e p t .  The Dee shape was 

s e l e c t e d   t o   p r o v i d e  a la rge   con tac t   a rea   (good  heat   conduct ion   pa th)   be tween 

the   tube and the   face   sheet .  
The f u l l   s c a l e   p a n e l   d e s i g n   i s  shown i n  F igures 3 and 4. It i s  a 0.61 x 

6. lm ( 2  x 20 f t )  aluminum honeycomb sandwich   w i th   coo lan t   man i fo lds  and  0.97 cm 

(0 .38   i n )   d iamete r  Dee ( s e m i c i r c l e )  shaped  coolant   tubes  so ldered  ( for   good 

in te r face   conduc tance )   t o   t he   ou te r   sk in   and   adhes ive l y   bonded   to   t he  

honeycomb core.  The panel i s  supported  by  frames a t  0.61m (2.0 f t )  spacing. 

The o u t e r   f a c e   s h e e t   i s  2219-T87  aluminum  0.102 cm ( 0 . 0 4 0   i n . )   t h i c k .  The 

inne r   f ace   shee t  i s  2219-T87  aluminum  0.041 cm (0.016 i n . )   t h i c k .  The 

d i s tance   be tween   cen t ro ids   o f   t he   i nne r   and   ou te r   f ace   shee ts   i s  2.87 cm 

(1.13 i n . ) .  The sk ins  are  adhesive ly   bonded  to   49.66 kg/m3 (3 .1   l bm/ f t3 )  

5056-H39 aluminum honeycomb c o r e   w i t h  FM-400 film type  adhesive  (see  Figure 

5) .  FM-404 foaming  type  adhesive i s  used t o  bond  the Dee tubes  and  the 

m a n i f o l d s   t o   t h e  honeycomb co re .   Add i t i ona l   i n fo rma t ion  on the  panel  

m a t e r i a l s   i s   i n  Appendix A. 
The man i fo lds ,  shown i n   F i g u r e  6, are  machined  6061  aluminum  extrusions 

and  have  dual  chambers. The coo lan t   en te rs  and e x i t s   a t   t h e   p a n e l   c e n t e r l i n e  

th rough  the  chamber c l o s e s t   t o   t h e   p a n e l  ends. The ends o f   t h e   m a n i f o l d s  

are  cooled as t h e   c o o l a n t   t u r n s   t h e   c o r n e r   i n t o   t h e   s e c o n d  chamber  and i s  

d i s t r i b u t e d   i n t o   t h e  Dee tubes. The  6061 Dee tubes  (drawn  extrusions)  and 

the  end  p lugs   a re   b razed  to   the   ex t ruded  man i fo lds   in  one opera t i on   us ing  a 

s a l t   b a t h   b r a z i n g   t e c h n i q u e .  The assembly i s  t h e n   h e a t   t r e a t e d   t o   t h e  T6 

cond i t i on .   F igu re  7 shows the  tube  and  tube  end  p lug  deta i  1s  and t h e   m a n i f o l d  
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w i t h  the machined grooves which accept  the Dee tubes. The  Dee tube wall 
thickness of 0.089 cm (0.035 in)  was picked  because i t  was the  thinnest wall 
available i n  the  tube  diameters of in te res t .  

To have a smooth outer panel surface, countersunk  bushings and flush 
fasteners  (Figure 8) were  used t o  attach  the panel t o  intermediate  frames, and 
subflush  doublers  (Figure 9 )  were used a t  the panel corners t o  transfer loads 
across  the manifolds and transverse  splice  plates. To adequately cool the 
splice  plates,  a s i l v e r   f i l l e d  adhesive was used t o  enhance heat  transfer 
across  the  splice  plate/actively cooled panel interface.  

The coolant i s  a 60/40 mass solution of methanol/water, and i s  pumped 
t h r o u g h  the Dee tubes a t  a mass flow rate of 98.4 g / s  (780 lbm/hr)  per  tube 
a t  an i n l e t  temperature of 256K ( O O F ) .  

(APS) increment i s  55.01 kg (121.28 lbm) o r  14.78 kg/m2 (3.03 1 b m / f t 2 ) .  (The 
APS mass includes  the hydrogen fuel and oxidizer consumed in pumping the 
coolant t h r o u g h  the panel and the APS hardware). A breakdown  of the panel 
mass i s  shown in Table 2 .  Panel temperatures and stresses  in  cri t ical   areas 
and structural  and thermodynamic  models are  presented  in Appendix B. 

The  mass  of the panel , including  the cool ant and auxi 1 i ary power system 
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PANEL COOLANT PASSAGE REDUNDANCY 

The need for  coolant passage redundancy (two independent  coolant  loops) 
was qualitatively  assessed.  Preliminary  investigations  indicated i t  i s  
practical t o  provide redundancy by using two independent  cooling  loops. 
However, safe and reliable  operation can also be assured  without  redundant 
coolant  passages,  provided  there is  an adequate  supply of coolant a t  the 
manifold i n l e t  and the panel i s  designed t o  prevent  surface  flaw growth 
through the  thickness of the  coolant  passages  in  the 1 i f e  of the  airplane. 

The  Dee tube/honeycomb sandwich panel design  incorporates many features 
t h a t  provide a high degree of damage tolerance and safety. These include: 

1.  Encapsulation of the  coolant  tubes by the honeycomb core and face 
sheets  to prevent  unrestricted  leakage i f  a crack o r  fracture  in a tube  occurs. 

2 .  W i t h  independent  tubes (separate from the  outer  skin),  the growth 
of cracks from skin t o  tube and  from tube t o  skin is   inhibi ted because the 
s t ress   intensi ty  a t  the  crack t i p  i s   g rea t ly  reduced when the  crack  propagates 
to  the  softer  material  (adhesive or solder) a t  the  tube t o  skin  joint. 

3 .  Low stress  levels  in  the manifolds  ensure slow crack growth and 
increase  the  probability of detecting  leaks  before  catastrophic  failure  occurs. 

With these  features , a panel with nonredundant coolant passages , could 
be assured of safe and reliable  operation  if   there  is  an adequate  supply  of 
coolant.  Therefore, a nonredundant coolant  passage approach was selected 
for  the  actively cooled  panel. 
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PANEL DESIGN PROCEDURE 

1. OPTIMIZATION 

The o b j e c t i v e   o f   t h e   o p t i m i z a t i o n   p r o c e s s  was t o   d e f i n e   t h e   v a r i a b l e s  
shown i n   f i g u r e  10  such t h a t   t h e  mass o f   t h e   i n n e r  and o u t e r   s k i n s ,   t h e  Dee 
tubes ,   the  honeycomb c o r e ,   t h e   c o o l a n t   i n v e n t o r y   i n   t h e  passages,  plus  the 

aux i  1 i a r y  power  system (APS) mass  was as  low as p r a c t i c a l  . A d d i t i o n a l  
va r iab les   were   de f i ned   du r ing   t he   op t im iza t i on   p rocess   and   t hey   a re   d i scussed  
i n   t h e   f o l l o w i n g   o p t i m i z a t i o n   s t e p s .   F i g u r e   1 1  shows, i n  schematic  form, 
the  opt imizat ion  process.   Trend  s tud ies  used i n  the   op t im iza t ion   p rocess  
r e s u l t   i n  a l o w ,   b u t   n o t   n e c e s s a r i l y  a ma themat i ca l l y   p rec i se  minimum mass 

con f igu ra t i on .   Fu r the rmore ,   i t ems   such   as   man i fo lds ,   sp l i ces ,   and   j o in t  
d e t a i  1 s were n o t   i n c l u d e d   i n   t h e   o p t i m i z a t i o n   p r o c e s s  , b u t  were s i z e d   f o r  
l ow   mxs   based  on p r a c t i c a l   c o n s i d e r a t i o n s .  

STEP 1 .   M a t e r i a l s   a n d   c o o l a n t s   t h a t   m e t   t h e   d e s i g n   c r i t e r i a  were 
i d e n t i f i e d  and  evaluated.  (Appendix A g i ves   de ta i  1s o f   t h e   m a t e r i a l s  and 
c o o l a n t   s e l e c t i o n . )  The  6061-T6  aluminum a l l o y  was chosen f o r   t h e   c o o l i n g  
passages  because i t  i s  t h e   h i g h e s t   s t r e n g t h  a1 l o y   w h i c h  can  be  brazed  and 
welded,  and it i s   a v a i l a b l e   i n  drawn  shapes. The 2219-T87  and  2024-T81 

aluminum a1 loys  were  the  best  candidates,   based on s t r e n g t h   r e q u i r e m e n t s   f o r  
t h e   b a s i c   s t r u c t u r e .  A f rac tu re   mechan ics   ana lys is  showed f o r  a l i f e   o f  
20,000 cyc les  , 2219-T87 c o u l d   o p e r a t e   a t  a h i g h e r   s t r e s s   t h a n  2024-T81 ; thus 

2219-T87 was s e l e c t e d   f o r   t h e   f a c e   s h e e t   m a t e r i a l .  
S i x  commonly u s e d   h e a t   t r a n s p o r t   f l u i d s   w i t h   f r e e z i n g   p o i n t s   b e l o w  

222K (-60°F)  and b o i l   i n g   p o i n t s  above 339K ( 15OoF) were  considered t o  assess 
t h e   i m p a c t   o f   c o o l a n t   s e l e c t i o n  on panel mass. Aqueous s o l u t i o n s   o f   g l y c o l  
o r  methano l   were   se lec ted   fo r   coo lan t   cand ida tes   s ince  a f i g u r e - o f - m e r i  t based 
on mass o f   t h e   c o o l a n t  i n  t h e  passages p l u s   t h e  APS mass showed t h a t  
nonaqueous c o o l a n t s   h a v e   s i g n i f i c a n t  mass p e n a l   t i e s  compared t o   g l y c o l   o r  
methanol. 

STEP 2. P r e l i m i n a r y   t h e r m a l   s i z i n g   r e l a t i o n s   ( F i g u r e  11 , Step  2)  between 
o u t e r   s k i n   t h i c k n e s s ,   t e m p e r a t u r e   d i f f e r e n c e   i n   t h e   o u t e r   s k i n ,  Dee tube 
p i t c h   ( s p a c i n g  between  tube  centers) , and Dee tube  diameter  were  developed. 
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The relations were kept  simple to  rapidly  assess  trends and screen  the many 
variables. Only one-dimensional heat  conduction i n  the  outer skin was modeled, 
and a relation was derived between diameter and pitch  for a specific  coolant , 
and coolant  temperature r i s e  and exit   velocity.  No explicit   constraint  on 
outer skin temperature is  i n  the  preliminary thermal relations.  As seen i n  
Figure  11,  Step 2 ,  tube  diameter  increases w i t h  pitch. The relations were 
refined  in  Step 4. (Details  are given i n  Appendix B.) 

STEP 3 .  Sensi t ivi t ies  of structural  mass (skins,  honeycomb, and Dee 
tubes)  to  outer  skin  temperature  differences,  skin  thicknesses, Dee tube 
diameter and  pitch,  and honeycomb core  height were calculated. A structural  
optimization program i terated on core  height t o  give a minimum  mass 
configuration w i t h  a l l   fa i lure  modes sa t i s f i ed .  The fai  1 ure modes 
addressed  in  the  analysis  include  basic  strength;  local  instability, such as 
face  sheet  wrinkling and face  sheet  dimpling; and overall panel buckling, 
including beam  column effects .  The  beam  column analysis  included  the  effects 
of  normal pressures and panel eccentr ic i t ies  , coupled w i t h  the  uniaxial 
inplane  loading. The allowables and the mechanical s t resses  were  computed 
using  the methods of Reference 8. Thermal s t resses  were calculated and were 
superimposed on the mechanical stresses.  More refined thermal analyses, 
Step 4 ,  gave more accurate thermal s t resses .  (Detai  1s of the  analyses  are 
discussed  in Appendix B. ) 

Figure 1 1 ,  Step 3 shows the  structural mass trends. Although the mass 
decreases  with  decreasing  pitch, a 2.54 cm (1 - 0  in)  pitch was selected  since 
i t   i s  the  practical minimum t h a t  l e f t  room for  fastener  penetration. 

STEP 4. The  mass sensitivity  results  in  Step 3 are  functions of the 
coolant and i t s   i n l e t  and outlet  temperatures. The sens i t iv i ty  of the APS 
mass plus  coolant  inventory mass t o  coolant  inlet  temperature was determined 
for  three  candidate  coolants:  methanol/water,  ethylene  glycol/water, and 
propylene  glycol/water (60/40 mass r a t io s ) .  The sensit ivity  study showed 
(shown schematically  in  Figure 11 , Step 4 )  tha t  methanol/water gave a 33% 
lower APS and coolant  inventory t h a n  ethylene  glycol/water.  Methanol/water 
also gave a 40% lower  flow rate ,  a 55% lower pressure  drop, and resulted  in 
about  a 5% lower panel mass than ethylene  glycol/water. On these  bases , 
methanol water was selected  for  the  coolant. 
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For the  coolant  evaluations, a detailed  three-dimensional  finite  difference 
model of the  outer s k i n  and Dee tube was used instead of the one dimensional 
conduction  assumption used i n  the  Step 2 calculations. The analysis accounted 
for  laminar,   transit ional,  and turbulent  flow, and  showed t h a t  heat  conduction 
i n  the flow direction was not  significant. A two dimensional model  of the  outer 
skin, tubes, honeycomb,  and inner skin showed that  heat  transfer through the 
honeycomb  was small and d i d  n o t  significantly change the  outer  skin 
temperature. Thermal s t resses  were calculated from the  refined  temperature 
distributions by the methods of Reference 9 and 10. The detailed  stresses were 
used t o  update the  structural  optimization  routine  described i n  Step 3. 

STEP 5. The  mass sens i t iv i ty  of the  structure  (skins,  tubes, and 
honeycomb), APS, and coolant  inventory t o  outer  skin  temperature, TMID, are 
shown schematically i n  Figure 11 ,  Step 5. For a given to, P ,  and D ,  the 
coolant  inventory is   constant ,  and the  structural mass is nearly  constant 
except  for an increase a t  elevated  temperatures due t o  reduced material 
allowables. The APS mass decreases  rapidly as outer  skin  temperature 
increases and results  in a minimum total  panel mass a t  the optimum TMID. 

Since  the  total panel mass does n o t  decrease  significantly  for TMID 
greater than 422K (3OO0F), t h i s  temperature was selected as a maximum outer 
skin  temperature. 

STEP 6.  With the optimum outer  skin  temperature, TMID,  defined,  total 
panel mass sens i t iv i t ies  t o  outer  skin  thickness and Dee tube  diameter were 
calculated. As shown in  Figure 1 1 ,  Step 6 ( and  in agreement w i t h  the  results 
of Step  3) , the mass decreases  with  decreasing  outer  skin  thickness and with 
decreasing  tube  diameter. The  optimum diameter and outer  skin  thickness were 
input t o  the  structural  optimization program described  in  Step  3, and the 
optimum inner  skin  thickness and core  height were selected. Table 3 shows 
the panel and operating  variables  defined  during  the  optimization  process. 

2 .  DESIGN OF PANEL DETAILS. 

After  the honeycomb sandwich panel was optimized, panel detai ls  were 
sized t o  minimize the i r  mass. Panel details  include: ( 1 )  transverse  splice 
plates; ( 2 )  longitudinal  splice  plates;  (3) honeycomb core bushings t o  
prevent  core  crushing a t  attachments; (4 )  longitudinal edge closures  angles; 
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( 5 )  c o r n e r   s p l i c e   p l a t e s ;  (6 )  in termediate  f rames;  (7 )  man i fo lds ;  

(8)  adhesives;  and (9 )  fas tene rs .  These d e t a i l s   a r e   d i s c u s s e d   f u r t h e r  i n  
Appendi x B. 

3. IN-DEPTH ANALYSIS. 

I n - d e p t h   t h e r m a l   a n d   s t r e s s   a n a l y s e s   i n d i c a t e d   t h a t   t h e   f i n a l   p a n e l  

design -- o p t i m i z e d   c o n f i g u r a t i o n  and p a n e l   d e t a i l s  -- met a l l   t h e   d e s i g n  

c r i t e r i a .   I t e m s   d e t e r m i n e d  i n  the   in -depth   ana lyses   inc luded  (1 )   man i fo ld  

p ressure   d rop   and  f low  un i fo rmi ty ;  ( 2 )  m a n i f o l d  and sp l   i ce -p la te   t empera tu res ;  

( 3 )  s e n s i t i v i t y   o f   p a n e l   t e m p e r a t u r e s   t o   v a r i a t i o n s   i n  bond1 ine  conductance 

values ; ( 4 )  thermal   s t resses  i n   t h e  pane l   sk in / tube  a rea  and near   the   en t rance 

and e x i t   m a n i f o l d s   o f   t h e   p a n e l  ; ( 5 )  b o l t   b e a r i n g   s h e a r  and  bending  stresses, 

f l ange   bend ing   s t ress  due t o   b o l t  clamp-up,  shear  stress i n  the  adhesives,  

honeycomb co re   c rush ing   s t ress ,  and f l a t   p l a t e   b e n d i n g   s t r e s s e s ;  ( 6 )  g r o w t h   o f  

sur face   c racks  i n  the   t ubes   and   c racks   a t   f as tene r   ho les   i n   t he   sk ins ;   and  

( 7 )  e f f e c t   o f   m a n u f a c t u r i n g   e c c e n t r i c i t i e s  on p a n e l   s t a b i l i t y .  

A d i scuss ion   o f   t he   i ndep th   ana lyses   t echn iques   i s   p resen ted   i n   Append ix  

B w i t h  a d i s c u s s i o n   o f   t h e   f i n i t e   e l e m e n t  model  used t o   v e r i f y   t h e   o p t i m i z e d  

pane l   con f i gu ra t i on .  
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FATIGUE SPECIMENS 

Fatigue specimens were designed and fabricated by  MCAIR and tested by 
NASA t o  evaluate  the  structural  integrity of cr i t ical   areas  of the panel and 
to  identify any design  deficiencies.  Six  fatigue specimens were fabricated, 
two each of the  three  representative  areas shown i n  Figure 12 .  A basic s k i n  
specimen was selected t o  demonstrate  the ab i l i t y  of the aluminum skin t o  
sustain the  design  stress  levels  for  the  life  of  the  panel. A skin/Dee tube/ 
manifol d specimen was selected  to  evaluate  the brazed  tube/manifold interface 
area, and t o  observe  crack growth in  the  outer  skin  near  the Dee tubes. A 
corner  splice specimen was selected because  of the  complexity of the panel 
corner  area where the  transverse and lateral   splice  plates  intersect and 
transfer  loads t o  adjacent  panels. 

Some detai ls  of the specimens differed from the  full  scale panel design: 
( 1 )  the 2024-T81 alloy was substituted f o r  the 2219-T87  aluminum face  sheets 
because of unavailability of  2219-T87; reoptimization  using reduced allowables 
for  2024-T87 led t o  increasing  the  inner  face  sheet  thickness, t I ,  from 
0.041 cm (0.016 i n )  t o  0.064 cm (0.025 i n ) ;  ( 2 )  dee tubes were  formed from 
round tubing  (see  Figure  13),  resulting  in a shape n o t  exactly semi-ci rcular; 
( 3 )  the  coolant  manifolds were fabricated  as a three  piece weldment, 
Figure 14 ,  and not  as an extrusion; and (4 )  on one skin/Dee tube/manifold 
specimen a low temperature  solder was substituted  for  the  adhesive  originally 
specified t o  bond the  outer skin t o  the Dee tube/manifold assembly. 

The fabricated  fatigue specimens are shown in Figures  15, 16, and 17. 
The design 1 imi t loads appl ied  to each specimen type  are shown in  Figure 18. 
The resulting  stresses  correspond t o  the maximum l imit   s t resses  t h a t  are 
developed in a ful l   scale  panel when subjected  to  the  critical combination of 
thermal , pressure, and i n-pl ane loads. 

All specimens were tes ted   a t  room temperature. The  Dee tube specimens 
were pressurized w i t h  hydraulic  fluid t o  approximate the  design  pressure, 
530. kPa  (76.8 ps i ) .  All specimens (except one corner  splice  fatigue specimen 
that  was destroyed by a tes t ing machine failure)  successfully  sustained 20,000 
inplane  load  cycles  without  failure.  Tests  with  the  corner  splice specimen 
showed that  ( 1 )  the honeycomb could  contain an internal  leak, and ( 2 )  the 
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single row of fasteners d i d  n o t  provide  adequate clamp-up of the  splice  plates.  
(For  the  test  panel design , tolerances were tightened on the  fastener  holes 
i n  the 1 ateral   splice  plate  area , and  webs were added  between the manifold 
flanges a t  the  fastener  locations,  see  Figure 4. ) 

Tests w i t h  the skin/Dee  tube/manifold specimen showed that  (1  ) cracks, 
i n  the  outer  skin propagated past  the  tubes  without  penetration  for both the 
bonded  and soldered specimens; and ( 2 )  the Dee tubes  served as crack arrestors , 
temporarily s t o p p i n g  crack growth. A discussion of the specimens and the 
t e s t s ,  and the  test  results,  are  presented  in Appendix C ,  and a more extensive 
discussion  is  presented i n  Reference 11. 

18 



TEST PANEL 

A schematic of the  test   panel,  load adapters, and suppor t  frames i s  shown 
i n  Figure  19. The t e s t  panel i s  representative of a section  at   the end of the 
fu l l  scale  panel. The t e s t  panel i s  0.67 x 1.22m ( 2  x 4 f t )  and is supported 
by three suppor t  frames a t  0.61m (2 f t )   i n t e rva l s .  The in-plane  loads  are 
applied  to  the panel th rough  2.54 cm (1 .O in.  ) thick aluminum load  adapters 
attached t o  the  panel's  transverse  splice  plates by a ser ies  of  titanium  links. 
The links  are  required  to minimize thermal s t resses  which resu l t  from 
different ia l  expansion between the  loading  gri.ps and the  panel. The load 
adapters  are  insulated t o  ensure  proper  simulation of the  temperatures by 
minimizing heat loss t o  the environment and are designed to  provide uniform 
application of the  in-plane r u n n i n g  loads. 

Thermal  and structural  analyses  indicated t h a t  the  test  conditions would 
simulate  the  full  scale panel i n l e t  and exit  conditions  if  coolant  inlet 
temperatures,  pressures, and  mass flow rate were modified t o  compensate for  
differences between the  tes t  panel and the  full   scale panel design. These 
.differences  included (1 ) use of ethylene  glycol/water  instead of methanol/ 
water  as  the  coolant; ( 2 )  the  different  interface conductance between the 
Dee tubes and  the  outer  skin  resulting from the  higher thermal conductivity of 
the  solder; and  ( 3 )  the  heat  sink  effects of the  large load  adapters and the 
massive test  apparatus.  Details of these  analyses  are  presented i n  Appendix 
D. 

Although several components of  the  tes t  panel were fabricated,   the  test  
panel was not completed because  of inability  to  attach  the manifolds and Dee 
tubes to  the  outer  skin us ing  the 1 ow temperature  soldering  process. The 
fabrication  process and photographs  of some  of the  fabricated components 
are  presented  in Appendix E. 
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FABRICATION PROBLEMS 

Problems were encountered i n  fabricating  the  fatigue specimens and the 
larger 0.61 x 1.22m ( 2  x 4 f t )   t e s t  panel.  Specifically,  the problems were 
(1)  obtaining an undistorted,  leak  free, brazed  tube-manifold  assembly; and 
( 2 )  providing a h i g h  thermal-conductance s t ructural   jo int  between the  tube- 
manifold assembly and the  face  sheet. These problems were successfully  over- 
come for  the  fatigue specimens; however, a f t e r  numerous unsuccessful  attempts 
t o  fabricate two test   panels,   the  effort  was terminated. 

The braze problems resulted from temperature  differences, hence 
different ia l  thermal expansion, between the Dee tubes,  manifolds, and brazing 
support  fixture  as  the assembly was  removed  from the h o t  brazing sa l t s .  The 
result ing  relative motion ( in   e f fec t )  caused poor f i t-up d u r i n g  sol idif icat ion 
of the  braze  alloy, and resulted  in porous jo in ts  and distorted  tubes. The 
porosity problem was overcome by improving the  brazing  support  fixturing. The 
distorted tubes were  hand straightened  after  heat  treating b u t  before  aging; 
however, the  distortions degraded the  f i t-up with the  outer  skin and 
compounded the problem of obtaining high thermal  conductance i n  the  interface 
jo in t .  

For bonding the  tube-manifold assembly t o  the  outer  skin, an elevated 
temperature  curing  silver-filled  adhesive was in i t ia l ly   se lec ted  because of 
i t s  reported high thermal conductivity, (Thermal conductivity  greater than 
28.8 W / m * K  (200 BTU-in/hr-ft2-OF) see Ref. 1 2 ) .  However, the  discovery of 
voids  in  the  adhesive  layer d u r i n g  fabrication of the  fatigue specimens led 
t o  tes t ing which revealed t h a t  the thermal conductivity and peel strength of 
the  adhesive were lower t h a n  expected. Appendix A presents  the  results of 
these  tests and also of attempts  to improve the  conductivity and peel strength 
of the  adhesive. As a resul t  of the  inabi l i ty  t o  increase  the thermal 
conductivity of the  elevated  temperature  curing  si  lver-fi 1 led  adhesive t o  an 
acceptable  value, i t  was replaced  with a low temperature  solder (91 Sn-9 Z n ) .  

One skin/Dee tube/manifold  specimen,  Figure 1 6 ,  was fabricated using  the 
low temperature  solder. Achieving good solder  wetting of the  surfaces was 
d i f f i cu l t  and required  careful  control of the  plating and the  soldering 
temperature  profile. In general, randomly dispersed voids throughout  the 
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solder were expected. The voids resulted from outgassing of the  organic  flux 
and were exaggerated i n  areas  with  large  overlaps. Temperature uniformity i n  
the components d u r i n g  the  solder  heating  cycle was also  identified  as a 
cr i t ical   factor .  However, despite  the  voids,  the thermal conductivity of the 
sol  der i s  hi gh enough t o  maintain panel temperatures w i  thin  design limits. 

Numerous attempts were made t o  solder two outer  skin-tube/manifold t e s t  
panel assemblies. The parts t o  be soldered f i r s t  had t o  be plated. MCAIR 
f a c i l i t i e s ,  used t o  plate  the  fatigue specimen, were not  large enough t o  
accommodate the  outer skin and tube/manifol d. Therefore,  plating was  done  by 
1 oca1 vendors. The vendors p l a t i n g  processes were n o t  identical  to  the  process 
used by  MCAIR  on the  fatigue specimen. However, a f t e r  analyzing  the vendors 
process i t  was concluded t h a t  the  alternate  processes would yield  acceptable 
resul t s .  

Lack  of success  in  soldering  the f i r s t  panel was attr ibuted t o  nonuniform 
panel temperatures d u r i n g  the  soldering  heating  cycle. An attempt was  made to  
salvage  these panel parts by desoldering,  cleaning , replating and resoldering. 
However , the  parts were damaged  beyond repair  during  replating  operations and 
they were scrapped.  Parts were made for  a second panel and a second attempt 
was made t o  solder an assembly using a different  heating arrangement and 
plating  processes  (see Appendix E ) .  The desi  red  temperature  uniformity and 
soldering  heating  cycle was obtained; however, nondestructive  evaluation of 
the  soldered assembly revealed  voids  in  the  skin-to-manifold  areas (5% t o  
10% wetting a t  the   inlet  manifold and 30% t o  40% wetting a t  the exit  manifold), 
some tubes t h a t  were unsol dered, and randomly dispersed  intergranular  hairline 
cracks i n  the Dee tubes. Photomicrographs and metallurgical  analyses  revealed 
a breakdown  of the alloys used to   t i n  the  surfaces o f  the 6061-T6  aluminum. 
This was considered  as a possible major contributor t o  the  gross  lack of 
wetting. The cause  of the  intergranular  cracking of the 6061 aluminum was 
never  isolated.  Several  attempts  to  duplicate  the problems w i t h  small  subscale 
element specimens were unsuccessful. Appendix E presents a discussion of the 
soldering  procedure,  the  tinning  operation,  the method  of heating, and pos t -  
soldering  evaluation of the  panel. 

21 



CONCLUDING REMARKS 

This report  presents  the  results o f  a program t o  add t o  the  technology 
base for  active  cooling  of  hypersonic  aircraft  structure by designing and 
optimizing a ful l   scale  0.61111  by 6.lm (2 f t  by 20 f t )  panel for a hypersonic 
t ransport   a i rcraf t  and by fabricating and tes t ing smal 1 fatigue specimens and 
a 0.61111 by 1.22m ( 2  f t  x 4 f t )  panel. Because of fabrication problems, the 
t e s t  panel was not b u i  1 t. 

The design goal was a minimum  mass full   scale panel that  would sustain 
20000 cycles (5000 x sca t te r   fac tor  of 4)  of 2210 kN/m (&1200 lbf/in.)  inplane 
loading combined with a f6.89 kPa (21.0 psi) uniform pressure  while  subjected 
to  a 136 kW/m2 (12 BTU/f t2  sec) uniform heat  flux. The panel  concept  developed 
was an adhesively bonded  aluminum  honeycomb sandwich, with  manifolds and Dee 
shaped coolant  tubes  nested  in  the honeycomb core and soldered t o  the  outer 
moldline  skin. The  honeycomb  was sized t o  withstand  coolant  pressure  in 
event  of a leak. The panel u n i t  mass i s  14.78 kg/m2 (3.03  lbrn/ft2). 

Some specific  conclusions  derived from this  study  are  as  follows: 
When an actively cooled structure  is   subjected t o  a h i g h  heat  flux, a 

structural  j o i n t  with high interface conductance between the  thermally exposed 
moldline  skin and the  cooling  passages i s  required. This requirement 
s ignif icant ly  complicated panel fabrication.  Specifically,  the peel strength 
and thermal conductivity of the  si lver-fi l led  adhesive,   init ially  selected  for 
the  skin t o  cooling  passage j o i n t ,  were found experimentally t o  be inadequate. 
Soldering  the  outer skin t o  the  tubehanifold assembly gave adequate thermal 
conductivity and peel strength  despite voids randomly dispersed throughout  the 
sol  der. 

Small scale components were successfully  soldered. However, scaling up 
t o  larger components, such as  the 0.61m x 1.22111 ( 2  f t  x 4 f t )   t e s t  panel, 
requires  considerably more care i n  the  control of temperature prof i les ,  
component temperature  uniformity, and control  of gaps  between the mat ing  
surfaces t o  be soldered. And careful  selection  of  the  alloys used t o  plate 
panel components, plus  close  control of the  plating  process  are  required t o  
obtain  adequately  soldered  joints. 
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Total panel optimized mass (skins,  honeycomb core, Dee tubes,  coolant 
inventory, and auxiliary power system (APS)] i s  minimized, for  10,000 hour  
exposure  duration, by operating a t  approximately a 422K (300OF) maximum outer 
skin temperature. A 60/40 (mass ratio)  solution of methanol/water 
resulted i n  a 33% reduction i n  coolant  inventory and APS mass, which gives a 
5% reduction i n  to ta l  panel mass; a 40% reduction i n  coolant mass flow rate;  
and a 55% reduction i n  panel pressure drop compared t o  the  nearest competing 
cool ant,  ethylene  glycol  /water. 

Fatigue t e s t s ,  a t  room temperature, on specimens representative o f  c r i t i ca l  
design areas  of  the  full  scale panel showed excessive motion of the  transverse 
panel j o in t  with a single row of fasteners. The tes ts   led t o  the  design 
change of tightening  fastener  hole  tolerances, and thickening  transverse 
jo in t   de ta i l s .  The fat igue  tes ts  showed t h a t  the honeycomb sandwich 
structure can contain  the  coolant i f  a coolant  passage f a i l s .  The fatigue 
t e s t s  showed t h a t  cracks induced i n  the  face  sheet propagated past  the  cooling 
passages  without  entering  the  cooling  tube wall for the  cooling  tubes  either 

.adhesively bonded or  soldered  to  the  skins. All fatigue specimens (except 
one t h a t  was accidentally  destroyed)  successfully  sustained 20,000 inplane 
design  load  cycles a t  room temperature  without  fai 1 ure. 
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APPENDIX A 

MATERIALS 

A. 1 METALS 

Material  property  data were collected  for seven candidate aluminum alloys: 
2014-T6, 2024-T81, 2219-T6, 2219-T87, 6061-T6,  7075-T6, and 7475-T761. Plots 
of the  strength  efficiencies ( F  / p ,  F / p ,  and E / p ) ,  stiffness  efficiency 
( Ec/p)  , cr i  ppl i ng efficiency ( Ec ' 325 /p )  , and face  sheet  wrinkling 
efficiency  for long  time  exposure (10,000  hours) a t  temperatures 
u p  t o  589K (600OF) are  presented  in  Figures 20 t h r o u g h  25. Figure 26 shows 
the  variation in coefficient of thermal  expansion vs temperature  for  the 
candidate  materials. Room temperature s t ress   intensi ty   factors  , Kc,  are 
compared in  Figure 27.  Elevated  temperature Kc data were n o t  avai 1 able  for 
any of the  candidate  materials. 

t!225 ty CY 
F t Y  

Crack growth rates , da/dn,  for   f ive of the  material  candidates  are 
presented  in  Figure 28 versus A K  (change i n  s t ress   intensi ty   factor) .  These 
d a t a  are  for  thin  sheets a t  room temperature and a s t ress   ra t io  (minimum 
s t r e s s  divided by  maximum s t r e s s )  of minus  one (R=-1).  

Fatigue Fmax-N curves for  an R=-1 , T=422K (300OF) , and stress  concentra- 
t i  on factors ( K T )  of 1 .O and 4.4 are  presented  in  Figure 29. Elevated 
temperature Fmax-N curves for  KT = 4.4 were n o t  available  for a1 1 materials. 
Consequently, materials could n o t  be  compared on a consistent  basis. 

Table 4 presents a re la t ive  ra t ing of the  material  candidates a t  four 
different  temperatures: room temperature, 394K  (25OOF) , 422K (300OF) , and 
533K (50OOF).  The  394K  (25OOF)  and 422K (300OF) temperatures were 
representative of probable normal operating  temperatures  for  the  panel. The 
evaluation of 533K (500OF) was made based on short time  exposure, 
corresponding t o  a failed  condition. An index rating of one i s  the  best, 
and all   other  ratings were  computed by ratioing  the  allowables t o  the  material 
w i t h  the  highest  allowable i n  each category. The advantages and 
disadvantages  are  also  listed  for each material.  This  table shows t h a t  
2024-T81  and 2219-T87 are  the most attractive  face  sheet  candidates. 

I 11.1 
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Figure 30  shows the  fa t igue a1 lowables f o r  R=-1 and  a l i f e  of 20,000 
cycles versus KT f o r  2024-T81  and  2219-T87 a t  room temperature and 422K 
( 30OOF). 

Figure 31 shows the Kc data used f o r  2219-T87 a t   d i f f e ren t  temperatures 
and extrapolated  to a Kc of  69.2 MPa f i  (63 ksi K) a t  422K  (3OOOF). Since 
these were the  only  available Kc versus  temperature  data,  the same shape 
curve was used f o r  2024-T81 passing  through Kc = 50.6 MPa J{ (46 ksi Jx) 
a t  room temperature and extrapolated  to a Kc of  30.8 MPa hi (28  ksi J in .  ) 
a t  422 K (3OOOF). 

- 

Maximum allowable s t ress   levels  were developed which sa t i s f i ed  the 
requirement that  cracks growing from the edge of fastener  holes would not 
grow to  a cr i t ical   length i n  20,000 cycles. The stress levels were developed 
based on an i n i t i a l  flaw s i ze  of 0.013 cm (0.005 i n . ) ,  an in f in i t e ly  wide 
plate  and  a s t r e s s   r a t io  of minus one ( R = - 1 ) .  The i n i t i a l  flaw s i ze  was based 
on the  resul ts  of a study  of  probable  flaw  sizes  in  holes i n  F-4 airplane 
w i n g  skins. The resu l t s  of the fracture  mechanics analysis  are  presented i n  
Figure 32, and show tha t   the  2219-T87 materi a1 achieves  the  requi  red 20,000 
cyc le   l i fe  w i t h  a maximum stress   level  o f  124.1 MPa (18,000 psi)  and the 
2024-T81 material a t  106.9 MPa (15,500 ps i ) .  As a r e su l t  of this  material 
evaluation, 2219-T87  was selected as the  material  for  the  face  sheets. 

The selected  materi a1 for   the t u b i n g  and manifolds was  6061 -T6, because 
i t  i s  weldable,  brazable, and resistant  to  corrosion; has h i g h  fracture 
toughness; and has be t te r  mechanical properties than the  other weldable 
t u b i n g  material  candidates  considered, 5052-H32 , 5052-H34,  and  5086-H34. 
Aluminum alloy 5056-H39 hexagonal ce l l  honeycomb  was chosen because i t  can 
be used a t  higher  temperature ( u p  to  478K ( 4 O O O F ) )  than other a1 umi num 
honeycombs t h a t  were considered. 

A .  2 COOLANTS 

S i x  commonly used heat  transport  fluids w i  t h  freezing  points below 222K 
(-60°F) and boiling  points above 339K  (15OOF) were evaluated i n  assessing the 
impact o f  coolant  selection on panel mass.  These are:  

1. 60/40, by mass, methanol/water solution. 
2. 60/40, by mass, ethylene  glycol/water  solution. 
3.  60/40, by mass, propylene  glycol/water  solution. 
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4. Monsanto  "Coolanol  15." 

5. 3M f luorochemica l  "FC-75. 'I 

6.  DuPont  "Freon  114B2." 

Coo lan t   p roper t y   da ta   (dens i t y ,   spec i f i c   hea t ,   t he rma l   conduc t i v i t y ,  

v i s c o s i t y ,  and  vapor  pressure) f o r  each o f   t h e  above  coolants i s  presented 

i n  F igures 33 through 37. 

Based  upon  an i n i t i  a1 coo lan t   eva lua t i on ,  i t  was f o u n d   t h a t   t h e  use o f  

nonaqueous  cool  ants  (Monsanto  "Cool  anol  15", 3M f l  uorochemi  cal  "FC-75"  and 

DuPont  "Freon  114B2") r e s u l t   i n  a 2.93  kg/cm (.60 l b m / f t  ) p e n a l t y ,   r e l a t i v e  

t o  aqueous g l y c o l  and  a lcohol   so lu t ions  and  consequent ly   were  e l iminated  f rom 

f u r t h e r   c o n s i d e r a t i o n .  

3  2 

A.3 JOINING MATERIALS 

The mechan ica l   and  thermal   p roper ty   da ta   fo r   the   adhes ives  and a low 

t e m p e r a t u r e   s o l d e r   c o n s i d e r e d   f o r   t h e   a c t i v e l y   c o o l e d   p a n e l   a r e   p r e s e n t e d   i n  
Table 5. All of   t he   da ta   excep t   t he   shear  and p e e l   s t r e n g t h   d a t a   f o r  

FM-400 and FM-404 were  developed i n  t h i s  program. The s t r e n g t h   d a t a   f o r  

FM-400 and FM-404 were  obta ined  f rom  in-house  tests .  

The  FM-400 film type  adhesive i s  used t o  bond  the   pane l   sk ins   to   the  

honeycomb core.  The FM-404 foaming  type  adhesive i s  used t o  bond  the Dee 

tubes  and  manifolds t o   t h e  honeycomb core.  Eccobond 56C, a room temperature 

c u r i n g   s i l v e r   f i l l e d   p a s t e   a d h e s i v e ,  is u s e d   u n d e r   t h e   p a n e l ' s   l a t e r a l  and 

l o n g i t u d i n a l   s p l i c e   p l a t e s   t o  enhance heat   conduct ion away from  these  areas. 

An e l e v a t e d   t e m p e r a t u r e   c u r i n g   s i l v e r - f i l l e d   p a s t e   a d h e s i v e ,  was 

f i r s t   s e l e c t e d   t o   a t t a c h   t h e   o u t e r   s k i n   t o   t h e   c o o l a n t  passages.  However, t h e  

adhesive was d iscarded when i t  was f o u n d   t o  have a l ow   pee l   s t reng th  and a 

lower   thermal   conduct iv i t y   than  repor ted   by   the   vendor   (see   no te  3, t a b l e  5) .  
This  adhesive was u l t i m a t e l y  abandoned a f t e r   a t t e m p t s   t o   i m p r o v e   t h e   p e e l  

s t r e n g t h  and  thermal   conduct iv i ty   (see Tab1  e 6 )  b y   m i x i n g   d i f f e r e n t  

percentages o f  a d i l u e n t  (5% and  25%  Methyl  Ethyl  Keytone) and by  adding a 

f i n e  mesh aluminum o r   n y l o n   s c r e e n   f a i l e d   t o   e l i m i n a t e   v o i d s  i n  the  adhesive.  
(The  vo ids   resu l ted   f rom  en t rapped  a i r .  ) The a1 uminum screen  impregnated 

w i t h   t h e   e l e v a t e d   t e m p e r a t u r e   c u r i n g   s i l v e r - f i l l e d   a d h e s i v e  showed the  most  

p r o m i s e ,   w i t h   t h e   p e e l   s t r e n g t h   d o u b l i n g   t o  0.35 kN/m ( 2   l b f / i n . )  and the  

t h e r m a l   c o n d u c t i v i t y   t r i p l i n g   t o  3.17 W/m K (22   B tu - in /h r   f tZ0F) .  ' However, 
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the  corresponding  interface conductance was only  8.34 kW/m O K  (1467 Btu/hr-ft 
O F )  compared to  the  required  design  value of 18.9 kW/m2-K (3333 Btu/hr*ft2-OF). 
Analysis showed, reference Table 6,  that  this would result  in  the  temperature 
i n  the  outer  skin a t  a location midway between Dee tubes and near  the panel 
ex i t  , of 442K (335OF)  which  was above the  design  value of 422K (3OOOF) .  

2 2 

The investigation of alternate means of attaching  the  outer  skin  to  the 
coolant  passages  resulted i n  the  selection  of a low temperature  solder 
(91Sn-9Zn) as  the most promising candidate. I t  had, reference Table 6 ,  a 
thermal conductivity  greater than  57.65 W/m2-K (400 Btu/in./hr*ft2*OF) a 
peel strength of 3.5 kN/m (20 l b f / i n . ) ,  and good shear  strength. 

The 91Sn-9Zn solder   is   c lass i f ied as  a low temperature  solder because i t  
'melts a t  472K (390OF) and wets  the faySng surfaces a t  500K ( 4 4 O O F ) .  This was 
a major consideration  in  selecting  this  solder  material.  Soldering a t  higher 
temperatures would degrade the mechanical properties of  the  outer  skin and 
the  tube/manifold assembly. Additional  information on the  soldering  process 
i s  given in Appendix C and Appendix E. 

The  Dee tubes were s a l t  b a t h  brazed t o  p a r t  of the  manifold  detai 1 using 
Alcoa  718 braze f o i l .  The remaining  manifold detai ls  were  welded with 
4043  aluminum f i l l e r  rod. (See  Figure 14 . )  
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APPENDIX B 

FULL  SCALE  PANEL DESIGN PROCEDURE 

B . l  OPTIMIZATION. 

The o b j e c t i v e   o f   t h e   o p t i m i z a t i o n   p r o c e s s  was t o   d e f i n e   t h e   p a n e l  

v a r i a b l e s   s u c h   t h a t   t h e  mass o f   t h e   i n n e r  and ou te r   sk ins ,   t he  Dee tubes,   the 
honeycomb c o r e ,   t h e   c o o l a n t   i n v e n t o r y   i n   t h e  passages, p l u s   t h e   a u x i l i a r y  

power  system (APS) increment was as low as p o s s i b l e .  (The APS mass i n c l u d e s  

the   hydrogen  fue l  and o x i d i z e r  consumed i n  pumping  the  coolant  through  the 

panel  and  the APS hardware).   Trend  studies  used i n   t h e   o p t i m i z a t i o n   p r o c e s s  

r e s u l t e d   i n  a l o w ,   b u t   n o t   n e c e s s a r i l y  a ma themat i ca l l y   p rec i se  minimum mass 

conf igura t ion .   Fur thermore  , i tems  such  as manifolds , s p l i c e s ,  and j o i n t  

d e t a i l s  w e r e   n o t   i n c l u d e d   i n   t h e   o p t i m i z a t i o n   p r o c e s s ,   b u t   w e r e   s i z e d   f o r   l o w  

mass based  on p r a c t i c a l   c o n s i d e r a t i o n s .  These d e t a i l s   a r e   d i s c u s s e d   i n  B.2 

o f   t h i s  appendix. 
Figure  11 shows i n  schemat ic   fo rm  the   op t im iza t ion   p rocess .  STEP 1, 

M a t e r i a l s   I d e n t i f i c a t i o n ,  was d iscussed i n  Appendix A. I n  STEP 2, p r e l i m i n a r y  

t h e r m a l   s i z i n g   r e l a t i o n s  be tween   the   ou te r   sk in   t h i ckness   ( t o ) ,   t empera tu re  

d i f f e r e n c e   i n   t h e   o u t e r   s k i n  (ATo) ( to   approx imate ly   account  for thermal 

s t r e s s e s ) ,  Dee t u b e   p i t c h  ( P ) ,  and Dee tube  diameter  (D)  were  developed. The 

re la t i ons   were   kep t   s imp le   t o   rap id l y   assess   t rends   and   sc reen   t he  many 

v a r i  ab1  es . 
Equat ion   (1 )   g ives  an exac t   so lu t i on   f o r   one -d imens iona l   hea t   conduc t ion  

i n  a cons tan t   heat   f lux   env i ronment :  

2k to ATo 

T h i s   e q u a t i o n   a c c o u n t s   f o r   h e a t   c o n d u c t i o n   i n   t h e   o u t e r ' s k i n   b e t w e e n   c o o l i n g  

tubes   assuming  tha t   the   inner   sur face  i s  a d i a b a t i c .  The term (7) i s  used 

ra ther   than  one-ha l f   the   p i tch   (P /2)   because i t  i s  assumed t h a t   t h e   s k i n   i s  

i so thermal   over   the   d is tance  (D)   where   the   sk in  i s  i n   c o n t a c t   w i t h   t h e   t u b e .  

P-D 

A r e l a t i o n  between P and D i s   o b t a i n e d   b y   n o t i n g   t h a t   a l l   t h e   h e a t   w h i c h  

impinges  on a panel  segment  that i s  P wide  and L long  must  be  absorbed  by  the 
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- cool ant. T h u s  : 

For a semi-circle: 

TD 
8 

2 
mc - pc V c  - - 

Combining equations ( 3 )  and ( 2 )  gives: 

P =  

Since q and L are  specified design  requirements, Equat ion  ( 4 )  can be 
evaluated for a particular  coolant, given in l e t  and outlet  coolant 
temperatures , and a given coolant  velocity. 

The resul ts  of the  preliminary thermal analysis , given in  Figure 38 are 
for a specific  coolant and flow conditions which  were not  the  final 
conditions. However, the  results provided  approximate interdependence between 
P ,  D ,  to, and ATo suitable  for  preliminary  stress  analyses. No expl ic i t  
constraint on TMID i s  in  Figure 38; however, with V = 3.05 m/s (10 f t / s e c ) ,  
the maximum TMID i s  approximately 422K (300OF) for  ATo 5 56K (100OF) (based on 
previous  estimates). 

STEP 3. Sensi t ivi t ies  o f  structural  mass (skins, honeycomb, and Dee 
tubes) t o  outer  skin  temperature  differences,  skin  thickness, Dee tube 
diameter and pitch, and honeycomb core  height were calculated. 

A computer program was used t o  aid  in  the  structural  optimization (and  in 
the  materials  evaluation). The fai lure  modes addressed  in  the  analysis 
include  basic  strength;  local  instability, such as  face  sheet  wrinkling and 
face  sheet  dimpling; and overall panel buckling,  including beam  column effects .  
The  beam  column analysis  included  the  effects of normal pressures and  panel 
eccentr ic i t ies ,  coupled w i t h  the  uniaxial  inplane  loading. The a1 lowables 
were  computed using the equations  delineated  in Reference 8. 
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Face  Sheet  Wrinkl ing:  Panel  Buck1  ing: 

F =  
W 

1.0 + 0.64 - EC 

k F c  

Face  Sheet  Dimpling: 

3 

2 . 0 E s t i  
F =  

S2(1-l l2) 

Beam Column E f f e c t s :  

The panel was analyzed  as a con t inuous   pane l   on   mu l t i p le   nonde f lec t i ng  

suppor ts .  The s t reng th   checks   t rea ted   t he   pane l  as f i x e d  (zero  s lope)  a long 

the   loaded edges  and f ree  a long  the  un loaded  edges.  The panel  was checked 

where  the maximum s t resses   occur red ,   i .e . ,   a t   the   suppor ts   and  a t   m idspan,  

f o r   t h e   c r i t i c a l   c o m b i n a t i o n   o f   c o m p l e t e l y   r e v e r s i b l e   i n p l a n e   l o a d s  and  normal 

pressures.  Panel beam column  checks made f o r   t h e   i n p l a n e   l o a d i n g   o n l y   t r e a t e d  

the  panel  as s imp ly   suppor ted   a t   the   t ransverse   suppor ts   and  f ree   a long  the  

unloaded  edges,  wi th an i n i t i a l   m a n u f a c t u r i n g   e c c e n t r i c i t y ,   a t  midspan, o f  

0.102 cm (0.040 in . ) .   For   the   combina t ion   o f   inp lane  load ing   and  normal  

pressures,   the beam co lumn  ana lys is   t rea ted   the   pane l  as f i x e d   a t   t h e   t r a n s -  

verse  suppor ts   and  added  the  def lect ions,   a t   midspan,  due t o   t h e  normal 

p r e s s u r e s   t o   t h e  assumed maximum 0.102 cm (0.040 i n . )   m a n u f a c t u r i n g   e c c e n t r i -  

c i t i e s .  

The basic  assumptions  used i n   t h e   a n a l y s i s   o f   t h e   p a n e l   a r e  as f o l l o w s :  

o P o i s s o n ' s   r a t i o   f o r   t h e   f a c e   s h e e t s  and  tubes i s  0.3. 
o The i n p l a n e   s t i f f n e s s   o f   t h e  honeycomb core  i s  neglected.  

o The fac ings   and   t ubes   a re   i so t rop i c   ma te r i  a1 s. 
o The pane l   buck les   be fo re   p las t i c   behav io r   occu rs .  

The mass o p t i m i z a t i o n   o f   t h e   p a n e l  was an i t e r a t i v e   p r o c e s s   i n   t h a t  

p re l im inary   thermal   s t resses   were  computed, f o r  a g iven  cross  sect ion,   and 

superimposed on the  mechanica l   s t resses.   Thermal   s t resses  were  ca lcu lated 

consider ing  the  temperature  o f   each  e lement   o f   the  thermal   s t ress  model .  

These  e lements  inc lude  the  outer   sk in ,   tubes  and  inner   sk in .  The r e s u l t i n g  
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st resses  were  compared to  the  allowables and i f  they were less,   the geometry 
was modified  in an attempt t o  reduce  the mass. The thermal stresses were then 
recalculated  for  the new geometry and the  process was continued u n t i  1 
convergence was achieved. 

mass : (1 ) decreases w i t h  decreasing  outer skin thickness  for a given pitch 
and diameter;, ( 2 )  decreases w i t h  decreasing  diameter  for a given pitch; and 
(3)  decreases wi t h  decreasing  pitch. A minimum pitch of 2.54 cm (1.0  in. ) was 
selected t o  leave enough  room,  even with  adverse  tolerances,  for  fastener 
penetration between Dee tubes  (see Figure 8 for   s ize  of  fasteners).  The  Dee 
tube  wall  thickness of 0.089 cm (0.035 in )  was picked  because i t  was the 
thinnest wall available  in  the  diameters of in te res t .  Thinner  tube  walls 
would n o t  reduce mass because the  tubes  carry their   share of the panel load. 
Thus , skins would  have t o  be  made thicker   to  make up for  thinner tube walls. 
A1 so, the  tube wall had t o  be thick enough t o  prevent  surface flaw penetration 
before 20,000 load  cycles. 

The resul ts   are  shown i n  Figure 39  and 40. Figure 39  shows t h a t  the 

The results  in  Figure 39 are  coolant dependent t o  the  extent  that  the 
cool a n t  properties i nfl uence TMID. For each P ,  D , and to there  exists a 
unique combination of inner  skin  thickness ( t , )  and panel thickness ( H )  t h a t  
yields a minimum  mass structure.  Figure 40  shows the  typical  variation of 
structural   unit  mass and H versus t I  for  a given P ,  D ,  and to. 

STEP 4.  The sens i t iv i ty  of the APS mass plus  coolant  inventory mass t o  
coolant  inlet  temperature was determined for  three  candidate  coolants: 
methanol/water,  ethylene  glycol/water, and propylene  glycollwater (60/40 

mass r a t io s ) .  
Detailed thermal analyses, used in panel optimization and coolant  selection 

studies,  employed a three-dimensional f ini te   difference computer program with a 
f lu id  flow subroutine. The ful l   scale  panel thermal model used in  the  coolant 
evaluation  study i s  presented  in  Figure 41. I n  addition t o  the nodes required 
to  define  the model an additional node was used to  regulate  coolant  inlet 
temperatures. Along w i t h  the  physical dimensions , the thermal model also 
defined  materials , external  heating or cooling  conditions , and the modes of 
heat  transfer between nodes. Since a l l  thermal resistance and capacitance 
terms are recomputed fo r  each time step  calculation,  material  property 
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variations w i t h  temperature  are  fully  accounted  for. Analyses w i t h  the 
thermal model i n  Figure 41  showed that  longitudinal  (coolant flow direct ion)  
conduction i s  less  than 0.1 % of the 1 a teral  conduction and  can be neglected. 

Laminar  and turbulent coolant side heat   t ransfer   coeff ic ients   for  each 
f l u i d  volume element a re  computed  from the expressions  of  References  13 and 14 
respectively,  as  follows: 

k HD 1/3  0.14 
Laminar: h L  = 1.86 - [ (Re)(Pr ) ( j~- ) ]  ('") 

HD PS 

Turbulent: hT  = 0.027 - (Re) (Pr) (-1 k 0.8  1/3 p 0.14 
HD US 

The Reynolds number range  of each expression i s  specified by the user. 
Analyses performed d u r i n g  the present program were based upon the  condition 
tha t   the  flow i s  laminar a t  coolant Reynolds  numbers  below  2100  and fu l ly  
turbulent  for Reynolds  numbers i n  excess of 3000. No factor  of safety was 
placed upon laminar  heat  transfer  coefficients  as  defined by Equation (5) .  
Turbulent  values were reduced 20% t o  ensure  conservative  predictions of tube 
wall and skin temperatures. Heat transfer  coefficients i n  the t ransi t ion 
region were determined by logarithmically  interpolating between the  laminar 
and turbulent  values. 

The pressure drop f o r  each f lu id  element is computed  from Equation (7)  
and smned  to determine  the  total  pressure drop i n  the  panel. 

AP = - (1/2 pv ) 4f L 2 
HD 

Frict ion  factors   ( f )   are  determined from the  correlations of Reference 15 
presented  herein  as  Equations (8) t h r o u g h  (10). 

f = -  
Re l 6  Re < 2100 

f =  0.0791 
(Re)'. 25 
0.046 
(Re)'.' 

Re = 3000 t o  10,000 

f =  Re = 10,000 to  200,000 
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Friction  factors i n  the region between  a Reynolds number o f  2100  and  3000 are 
determined by l inearly  interpolating between the  corresponding  values o f  f as 
determined by Equations (8) and (9),   respectively.   Friction  factors 
determined d u r i n g  the present program were n o t  corrected for viscosity- 
variation  effects.  For the condition of  interest ,   heating of a l iquid,  
neglecting  the  viscosity  correction  results i n  conservative  predictions of 
f r ic t ion   fac tor  and pressure drop (see  References  13,  16, and 1 7 ) .  As pointed 
out i n  the above references,  the  correction  for  the  condition of most in te res t  
( turbulent  f low)  is   small .  

The APS mass  was determined from the procedure  of  Reference ( 3 )  as 
fol 1 ows : 

G - ' ; ~ ~ - A P = ~  

P C  
APS mass = 

Where e is   the  f l ight  t ime,  defined  as one hour,  and G i s   the  APS conversion 
factor.  The factor  G accounts for  the  Auxiliary Power System: hydrogen 
and oxygen, tankage,  boil  off, and inefficiencies due t o  combustion,  exhaust 
losses,  and pump losses. During the present  study, a value o f  G = 0.84 g/kW*s 
( 5  lbm/HP hr) ,  as  specified  in Reference 3, was used. A recent  in-house 
study  indicates  that  the above value i s   i n   e r ro r  and that  a factor  of  0.34 
g/kW*s (2 lbm/HP hr) should  adequately  account for the  total  mass of the APS 
system. Even t h o u g h  APS mass  was overestimated, i t   i s   l e s s  than 2% of the 
to t a l  panel mass and does n o t  s ignif icant ly  impact the  results and conclu- 
sions of t h i s  program. Since G and 0 are  constants , APS mass i s   d i rec t ly  
proportional  to the product  of  coolant mass flow rate  (m,) and  pressure 
drop ( A P )  and inversely  proportional t o  coolant  density (p , ) .  

mass, was used as the figure of merit  in  evaluating  the  three  candidate 
coolants. The evaluation was performed with an outer  skin/tube  interface 
conductance  value  of  18.9 kW/m K (3333 Btu/ft2 hr O F ) .  The resul ts  of the 
evaluation  are shown in  Figure 42. Selection of a 60/40 mass solution of 

A f luid  penalty,  which included the coolant  inventory mass plus  the APS 

2 

- 
methanol/water resu l t s  i n  a 0.78 kg/cm2 (0.16  lbm/ft2) 
APS mass saving  relative t o  an aqueous ethylene  glycol 
reduction i n  coolant mass flow; and  a 55% reduction i n  

coolant  inventory and 
solution; a  40% 
panel pressure drop 

33 



(see  inser t ,   F igure  42) .   Only   60%  aqueous  so lut ions  were  evaluated  (g lyco l  

c o n c e n t r a t i o n   r e q u i r e d   t o   a c h i e v e  a 222K (-60°F) f r e e z i n g   p o i n t )   i n   t h i s  

s tudy.  
P e r t i n e n t   c h a r a c t e r i s t i c s   o f   m e t h a n o l  and e thy lene   g l yco l   a re   p resen ted  

i n  Table 7. A comparison o f   t h e s e   c h a r a c t e r i s t i c s   i n d i c a t e s   t h a t   t h e   l o w  

f l a s h   p o i n t   o f   m e t h a n o l  , r e l a t i v e   t o   e t h y l e n e   g l y c o l ,   i s   t h e   d o m i n a t e   c h a r -  

a c t e r i   s t i c   w h i c h   r e q u i r e s   s p e c i a l   c o n s i d e r a t i o n .  The i m p a c t   o f   u s i n g  

methanol   wi th  a f l a s h   p o i n t   o f  289K (61OF)   versus   e thy lene  g lyco l   w i th  a 

f l a s h   p o i n t   o f  389K (240OF) c o u l d   n o t  be q u a n t i f i e d   w i t h i n   t h e  scope o f   t h e  

present   s tudy  . 
N e x t ,   t h e   e f f e c t   o f   t h e  honeycomb core   and  the   inner   face   sheet  on t h e  

p a n e l ' s   t e m p e r a t u r e   d i s t r i b u t i o n  was ana lyzed   w i th  a two-dimensional  model, 

see  Figure 43, s i n c e   l o n g i t u d i n a l   c o n d u c t i o n   i s   n e g l i g i b l e .  An express ion 

was d e r i v e d   t o   a c c o u n t   f o r   s o l i d   c o n d u c t i o n   i n   t h e   r i b b o n   d i r e c t i o n   f o r  any 

hexagon  shaped honeycomb.  The e x p r e s s i o n   i s :  

- 9 P ~ / ~  Core . 
kH/C PMater i  a1 

". 
kMater i  a1 

Heat   t rans fer   ac ross   the  honeycomb , i n c l   u d i   n g   r a d i a t i o n  , gaseous  conduction 

or   convec t ion ,   and  so l id   conduct ion ,  was accounted  for   by  the  method  o f  

Reference 6. The b a c k   s i d e   o f   t h e   i n n e r   s k i n  was assumed ad iaba t i c .   Typ ica l  

r e s u l t s   f o r  a luminum  core  wi th a c e l l   s i z e   o f  0.318 cm (0.125 i n . )  and a 

d e n s i t y   o f  72  kg/m ( 4 . 5   l b m / f t 3 )   a t   t h e   d e s i g n   c o o l a n t   f l o w   r a t e   o f  354  kg/hr 

(780 lbm/h r )   pe r   t ube   a re   p resen ted   i n   F igu re  44. The i n n e r   s k i n   ( T 5 )  and 

honeycomb core   (T6)   were   found  to   be   near ly   i so thermal  , w i t h  a maximum 

va r ia t i on   abou t   t he   nomina l   o f  20.3K  (50.5OF)  and - +3K (+5OF), - r e s p e c t i v e l y .  

The good  agreement  between maximum ou te r   sk in   t empera tu re   (To )  as determined 

by   t he   t ube /sk in  model  (dashed  curve)  and  the  present honeycomb model ( s o l i d  

curve)   demonst ra tes   tha t   conduct ion   w i th in   the  honeycomb and i n n e r   s k i n  has 

l i t t l e  impact  upon maximum ou te r   sk in   t empera tu res .   Va ry ing   t he  honeycomb 

core   dens i ty   f rom 37  kg/m3 ( 2 . 3   l b m / f t 3 )   t o  72 kg/m3 ( 4 . 5   l b m / f t 3 )   r e s u l t e d  

i n   l e s s   t h a n  a 1.1 K. (2OF)  change i n   p r e d i c t e d   p a n e l   t e m p e r a t u r e s .  

3 

Us ing   the   two-d imens iona l   tempera ture   d is t r ibu t ions  , thermal   s t resses 

were  ca lcu lated  by  e lementary beam b e n d i n g   t h e o r y ,   a c c o u n t i n g   f o r   e l a s t i c  
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s t ra ins .  The thermal s t resses  were  computed assuming an in f in i te ly  long beam 
w i t h  constant  temperature  in each element,  zero  slope  over  the supports, and 
freedom t o  expand i n  the  plane of the  panel. The updated thermal stresses were 
i n p u t  to  the  structural  optimization program described i n  STEP 3 , w i t h  coolant 
properties  for  methanol/water, and refined  structural masses  were calculated. 

STEP 5. Figure 45 gives the mass of the  skins,  tubes, honeycomb, APS, 
and coolant  inventory  versus  the  outer skin temperature. The structural  mass 
(.inner and outer skins , tubes , and  honeycomb) is  essentially  constant  over  the 
temperature range 339K (150OF) to  422K (300OF) , and increases above 422K (3OOOF). 
A t  442K (300OF) the  structure i s  strength and buck1 i n g  c r i t i ca l  , and a t  higher 
temperatures, i t  i s   s t rength   c r i t i ca l .  The coolant  inventory mass is  constant 
for  a given pitch and Dee tube  diameter, b u t  the APS mass decreases  rapidly 
with  increasing  outer  skin  temperature. The result ing  total  mass (structural  , 
cool a n t  inventory, and APS decreases t o  TMID = 450K ( 35OOF).  However,  beyond 
422K (300OF) the  decrease  in  total mass is  small,  therefore 422K (300OF) was 
selected  as  the upper l imit  on TMID. 

STEP 6 .  Using the 422K (300OF) maximum operating  temperature , a study was 
performed t o  determine sensi t ivi ty  of panel mass t o  tube  diameter and outer 
skin  thickness.  Figure 46 shows t h a t  a minimum  mass panel i s  achieved w i t h  a 
0.965 cm (0.38  in. ) tube  diameter, and an outer  skin  thickness of 0.102 cm 
(0.04 i n .  ). W i t h  the optimum pitch,  Dee tube  diameter, and outer  skin 
thickness  defined,  the  structural  optimization program (described  in STEP 3 )  
gave optimum inner  skin  thickness and honeycomb core  height of 0.041 cm 
(0.016 in . )  and 2.79 cm (1.10 i n . )  respectively. Table 3 shows the panel 
operating  variables  defined d u r i n g  the  optimization  process. 

6.2 DESIGN OF FULL SCALE PANEL DETAILS 

6.2.1 EDGE ATTACHMENTS 

The panel was designed to  transmit 315 kN/m (1800 lbf/in.)  ultimate load 
across  the .61m (2  f t )  transverse  splice and provisions were made for  attaching 
adjacent  panels  along  the 6.lm (20 f t )  longitudinal edge. 

The transverse  splice  (Figure 47)  uses a 0.254 cm (0.100 i n . )  thick 
2219-T87 outer  splice  plate w i t h  0.478 cm (0.188 i n . )  diameter  corrosion 
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resis tant   s teel  shearhead  type  countersunk  fasteners a t  2.54 cm (1.00 i n . )  
spacing. These fasteners pass th rough  the  solid 6061-T6  aluminum manifold and 
the flange of the  support bulkhead.  Consequently, moment continuity i s  
maintained  across  the  splice by the  outer  splice  plate and by the  flanges of 
the  support bulkhead. A t h i n  film of Eccobond 56C  room temperature  curing  paste 
adhesive,  less than  0.0254 cm (0.010 i n . )  thick,  i s  used between the  outer 
2219-T87 splice  plate and the manifold t o  provide a h i g h  interface conductance 
and prevent  the  splice  plate from overheating. 

A 1 ongi tudinal  splice , shown i n  Figure 48, a1 lows practical placement  of 
the  fasteners  relative t o  the  coolant  tubes. The coolant  tubes  are  as  close 
as  possible t o  the panel edge t o  prevent  overheating of the  longitudinal  splice 
plate. Again  Eccobond 56C adhesive i s  used under the  splice  plate t o  assure 
splice  plate  cooling.  Cross-sectional  area of the  longitudinal  splice  plates 
i s  minimized to  assure a more uniform loading  across  the panel width. 

The 0.396 cm (0.156  in. ) shear head titanium  fasteners  are countersunk 
into  the 0.127 cm (0.050 i n . )  thick 2219-T87 longitudinal  splice  plate. Crush- 
i n g  of the honeycomb core  during  fastener  installation  is  prevented by a b u s h i n g  
which is   instal led  in   the honeycomb. T h i n  0.064 cm (0.025 in . )  upper and 
lower closure  angles  provide  load  paths  for panel splicing and protect  the 
honeycomb core and coolant  tubes from  damage d u r i n g  handling.  Fastener  spacing 
i s  based on requirements t o  prevent inter-fastener buckling of the 0.127 cm 
(0.050 i n . )  splice  plate.  

The corner  splice, shown in  Figure 9 ,  incorporates a local  subflash 
splice  doubler. The longitudinal  splice  plates  are  terminated a t  the  transverse 
splice  centerline of the  panels. The outer  longitudinal  splice  plate  loads  are 
transferred t h r o u g h  two 0.397 cm ( .  156 in. ) diameter Hi-Lok fasteners  into 
the  subflush 0.178 cm (.070 i n . )  2219-T87 splice  doubler. The inner  longi- 
tudinal  splice  plate  loads  are  transferred th rough  these same  Hi-Lok fasteners 
b u t  i n t o  the  flange of the support bulkhead. These loads  are  then  reacted by 
the  adjacent  panel. 

B.2.2 INTERMEDIATE FRAME ATTACHMENT 

The intermediate frames stabil ize  the panel and carry  the 26.89 kPa (51 psi )  
l imit  normal pressure. The panel is  attached t o  these  frames, as shown in 
Figure 8 w i t h  0.396 cm (0.156 in . )  diameter Hi-Lok fasteners,  which are 
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countersunk into  special bushings which themselves are countersunk into  the 
t h i n  0.102 cm (0.040 i n . )  2219-T87 outer  face  sheet. The bushings are  required 
to  prevent  crushing o f  the honeycomb core  during  fastener  installation and 
provide a positive clamping action of the panel t o  the  intermediate frame. The 
design  avoids  the use of  expensive  close-tolerance  tooling which  would be 
required t o  mate predrilled  holes i n  the panel and the  intermediate  support 
frames. 

B.3 IN-DEPTH  ANALYSIS 

This section  describes  the  full  scale panel detailed thermodynamic and 
structural  analyses. 

All possible combinations of design  pressures , in-plane  loads, and 
temperatures were evaluated t o  identify  the  cri t ical  1 oading  conditions  for 
each panel element. The panel was subjected t o  temperatures  associated w i t h  a 
uniform heat  flux of 136 kW/m2 ( 1 2  Btu/ft  -sec),  static  ultimate  in-plane  loads 
o f  - +3.15 kN/m (+1800 - lbf / in .  ) ,  and static  ultimate  pressures of L10.35 kPa 
(21.5 ps i ) .  The effects  o f  mechanical (pressures and in-plane  loads) and 
thermal loads were evaluated  separately and combined t o  ensure t h a t  the 
maximum s t ress  had been  used t o  design  the  panel. 

2 

The panel was a1 so designed t o  sustain any combination of fully  reversed 
l imit   (ult imate/l .5)  in-plane and normal loads for the 20,000 cycle  lifetime 
while being subjected t o  the  design  heat  flux. 

B.3.1 MANIFOLD THERMAL AND PRESSURE DROP ANALYSIS 

Detailed thermal and pressure drop analyses were performed t o  determine 
structural  temperatures and ensure uniform coolant flow th rough  the  panel. 
The manifold  design  requi rements were t o  (a)   d is t r ibute   the cool ant  to  the 
panel uniformly w i t h  a m i n i m u m  pressure  loss, ( b )  provide fo r  attachment t o  
adjacent  structure, and ( c )  cool i t s e l f  and the  transverse  splice  plates t o  
acceptable  levels. A constant  area design  (Figure 49) did n o t  sa t i s fy  
cooling  requirements , since  the flow velocity , and hence the  heat  transfer 
coefficient,  continually  decreases  as  coolant  is  distributed t o  the  panel. 
This .results  in a r i s e  i n  outer skin temperature (To)  as indicated i n  
Figure 49. The flow area could be varied w i t h  an inser t  t o  keep the flow 
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v e l o c i t y  and h e a t   t r a n s f e r   c o e f f i c i e n t   a t   a c c e p t a b l e   l e v e l s .   T h i s   a p p r o a c h  

was j u d g e d   t o  be both  heavy  and  complex, as t h e  shape o f   t h e   i n s e r t   w o u l d   h a v e  

t o  con fo rm  to   t he   shape   o f   t he   man i fo ld   passage   to   ach ieve   t he   a rea   reduc t i on  

n e c e s s a r y   t o   s a t i s f y   h e a t   t r a n s f e r   r e q u i   r e m e n t s .  

The s e l e c t  

s a t i s f i e s   b o t h  
t h e   c o o l a n t   i s  

e n t e r i n g   t h e   d i  

hence the   heat  

e d   d o u b l e   o r   " s p l i t "   m a n i f o l d   d e s i g n   i l l u s t r a t e d   i n   F i g u r e  50 

c o o l i n g   a n d   f l o w   d i s t r i b u t i o n   r e q u i r e m e n t s .   W i t h   t h i s   d e s i g n ,  

rou ted   t h rough   the   coo l i ng   man i fo ld ,  Chamber (1  ) , be fo re  

s t r i b u t i o n   m a n i f o l d ,  Chamber ( 2 ) .  Keeping  the mass f low,  and 

t r a n s f e r   c o e f f i c i e n t ,   c o n s t a n t   i n  Chamber ( 1 )   p r o v i d e s   n e a r l y  

u n i f o r m   c o o l i n g   o f   t h e  end o f   t h e   m a n i f o l d  and l a t e r a l   s p l i c e   p l a t e .  The 

se lec ted   sp l  i t  man i fo ld   des ign  , which   can   be   eas i l y   fabr ica ted  as  an 

e x t r u s i o n ,   m i n i m i z e s   l a t e r a l   t e m p e r a t u r e   g r a d i e n t s  and p r o v i d e s   u n i f o r m   f l o w  

( w i t h i n  - +0.6%) o f   t he   coo lan t   t h rough   the   pane l .  

Manifold  pressure  drops  were  computed  employing a convent ional   pressure 

d rop   re1   a t i onsh i  p  as f o l   l o w s  : 

AP = ( 4 f  L/HD + KT)  (1/2 pV2) 

where f r i c t i o n   c o e f f i c i e n t s   ( f )  and loss   coe f f i c i en ts   (KT)   were   ob ta ined   f rom 

Reference 7. 
P r e s s u r e   d r o p s   f o r   v a r i o u s   l o c a t i o n s   i n   t h e   i n l e t  and e x i t   m a n i f o l d  

a r e   t a b u l a t e d   i n   F i g u r e s  51 and  52.  Design  temperatures  and  pressures o f  

t he   coo lan t ,  APS mass f o r   t h e   p a n e l ,  and t h e   t o t a l   c o o l a n t   i n v e n t o r y   w e i g h t  

are  summarized i n   F i g u r e  53. As i n d i c a t e d   i n   t h i s   f i g u r e ,   t h e   t o t a l   c o o l a n t  

mass w i t h  a 60/40 mass s o l u t i o n   o f   m e t h a n o l / w a t e r  as t h e   c o o l a n t   i s  2 kg/mL 

(0.41  lbm/ft ' ) .  

R e s u l t s   o f  a f l o w   b a l a n c i n g   a n a l y s i s   i n d i c a t e s   t h a t   c o o l a n t  mass f l o w  

ra tes   th rough  the   pane l  will b e   u n i f o r m   w i t h i n  20.6% o f   t h e   n o m i n a l .  Such 

s m a l l   v a r i a t i o n s   i n  mass f l o w   r a t e  have a n e g l i g i b l e   e f f e c t  upon panel 

temperatures.  

B.3.2 MANIFOLD AND SPLICE PLATE TEMPERATURES 

M a n i f o l d  and sp l i   ce -p l   a te   t empera tu res   were   compu ted   u t i 1   i z i ng  a th ree-  

dimensional   thermal model o f  a s e c t i o n   o f   t h e   m a n i f o l d  and t h e   f i r s t  10.2 cm 

( 4   i n . )   o f   t h e   f a c e   s h e e t  and coo lan t   tube.  The model , shown schemat ica l l y  i n  
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Figure 54 accounted for  variations i n  material  properties w i t h  temperature, 
and could be easi ly  modified t o  accomodate  dimensional changes due t o  design 
refinements o r  parametric  variations when conducting sensit ivity  studies 
t o  calculate  effects of variations  in  bond-line  conductance  values on 
temperature. 

Design temperatures  for  the  manifolds  are  presented  in  Figures 55 t h r o u g h  
58. In  Figure 55, i n l e t  manifold  temperatures are  presented  as a function of 
spanwise location. As the  flow, and hence the  heat  transfer  coefficient, i n  
the  inner (smal l e r )  manifold chamber goes to  zero a t   the  panel center1  ine, a 
zorresponding r i s e  in  manifold  temperature can be noted. However, with the 
s p l i t  manifold design,  transverse  temperature  differences  in  the manifold are  
quite  small, being less  t h a n  20K (36OF). The large  variation  in  outer  skin 
temperatures (T8) reflects  the  temperature  directly above the midway between 
Eoolant tubes. 

Longitudinal  temperature distributions  in  the  inlet  manifold, a t  the 
quarter span location,  are  presented  in  Figure 56. The cooling  effect of the 
manifold results  in  the  large  longitudinal  temperature  difference  in  the  face 
sheet a t  a location midway between tubes and  in  the  area  adjacent t o  the mani- 
fold.  Similar spanwise and longitudinal  temperature  plots  for  the  exit 
manifold are  presented  in  Figures 57 and 58 respectively. 

B.3.3 PANEL DESIGN TEMPERATURES 

The effect  of the honeycomb core and the  inner  face  sheet on the  panel's 
temperature dis t r ibut ion was analyzed  with  the two-dimensional model, see 
Figure 43, since  longitudinal  conduction is   negl igible .  Heat transfer 
across  the honeycomb, including  radiation, gaseous  conduction o r  con- 
vection, and solid  conduction, was accounted for  by the method of  
Reference 6. The  back side o f  the  inner s k i n  was assumed adiabatic. 
Typical,  results  for aluminum core  with a cel l   s ize  of 0.318 cm (0.125 in . )  
and a density of 72 kg/m (4.5  lbm/ft ) a t  the  design  coolant flow ra te  of 354 k g / h r  
(780 lbm/hr)  per  tube are  presented  in  Figure 44. The inner  skin (T5)  and 
honeycomb core (T6)  were  found t o  be nearly  isothermal , w i t h  a maximum 

3 3 
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v a r i a t i o n   a b o u t   t h e   n o m i n a l   o f  - +0.3K (+O.S°F) and - +3K (+5OF), r e s p e c t i v e l y .  

The good  agreement  between maximum outer   sk in   tempera ture   (To)  as  determined 

by   t he   t ube /sk in  model  (dashed  curve)  and  the  present honeycomb model ( s o l i d  

cu rve )   demons t ra tes   t ha t   conduc t ion   w i th in   t he  honeycomb and  inner   sk in   has  

l i t t l e  impact  upon maximum ou te r   sk in   t empera tu res .   Va ry ing   t he  honeycomb 

c o r e   d e n s i t y   f r o m  37 kg/m3 ( 2 . 3   l b m / f t  ) t o  72  kg/m ( 4 . 5   l b m / f t 3 )   r e s u l t e d   i n  

l ess   t han  a 1.1K (2'F) change i n   p r e d i c t e d   p a n e l   t e m p e r a t u r e s .  

B.3.4 BONDLINE  INTERFACE  CONDUCTANCE 

3 3 

A n a l y s e s   w e r e   p e r f o r m e d   t o   d e t e r m i n e   t h e   s e n s i t i v i t y   o f   p a n e l  

t e m p e r a t u r e s   t o   v a r i a t i o n s   i n   b o n d l i n e   c o n d u c t a n c e   v a l u e s .  Face  sheet 

temperatures  versus  interface  conductance  between  the  face  sheet  and 

m a n i f o l d   a r e   p r e s e n t e d   i n   F i g u r e  59. Face  sheet   temperatures  are  less 

than   t he   des ign   t empera tu re   o f  422K  (300'F) f o r   i n t e r f a c e   c o n d u c t a n c e  

va lues   g rea ter   than  2 .38  kW/m K ( 4 2 0   B t u l f t   h r  F ) .  (The  FM-400/Titanium 

Laminated  specimen  consisted  of a s tack  o f  s i x  p i e c e s   o f   t i t a n i u m   s h e e t  

s tock  bonded t o g e t h e r   w i t h  FM-400 adhesive.  The laminated   s tack  was used, 

r a t h e r   t h a n  two sheets   w i th   one bond j o i n t ,   t o   i n c r e a s e   t h e   t e m p e r a t u r e  

d i f fe rence  across   the   spec imen.   Smal l   ins t rument   e r ro rs   in   measur ing   smal l  

t e m p e r a t u r e   d i f f e r e n c e s   c o u l d   r e s u l t   i n   l a r g e   e r r o r s   i n   c a l c u l a t i n g  

interface  conductance.  Thus,  the  laminated  specimen was expec ted   t o  

r e s u l t   i n  a more   accura te   es t imate   o f   in te r face   conductance.   For   the  same 

reason,   the FM-400 s o l i d  specimen was 1.3 cm ( 0 . 5   i n . )   t h i c k . )  The i m -  

po r tance   o f   h igh   i n te r face   conduc tance   be tween   the   f ace   shee t   and   coo lan t   t ubes  

is i l l u s t r a t e d   i n   F i g u r e  60, where  percent o f  d e s i g n   o f   c o o l a n t   f l o w   r a t e  

and APS mass versus   in te r face   conductance i s   g i v e n   f o r  a panel   temperature 

o f  422K  (30OOF). As shown, reduc ing   t he   des ign   i n te r face   conduc tance   va lue  

by 50% i n c r e a s e s   t h e   c o o l a n t   f l o w   r a t e   b y  50% and t h e  APS mass by 

2 2 0  

200%. 

B.3.5 STRUCTURAL FINITE ELEMENT  MODEL 

V e r i f i c a t i o n   o f   t h e   i n t e r n a l   m e c h a n i c a l  and  thermal 

mize  the  panel  was accompl ished  by  generat ing a f i n i t e  e 
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the design  loads and pressures, and the  resulting  temperatures from the 
detailed thermal analysis. The model, Figure 61, had 3090 degrees of freedom. 
The structural   idealization of the panel was compatible w i t h  the MCAIR Computer 
Aided Structural Design (CASD) computer program. The  model consists of bars 
and panels to  represent  the  axial and shear  stiffness of  the  skins,  tubes, 
manifolds, and  honeycomb core. There were large thermal gradients  in  the 
outer  skin. Thus, skin bar elements  in  the  actively cooled panel model had 
t o  be closely spaced t o  assure  accurate  determination of thermal stresses.  
Consequently, bar elements  representing  the  basic panel , i . e .  , skins,  coolant 
tubes, and honecomb core, were spaced 1 . 2 7  cm (0.50 i n . )  a p a r t  in  the 
transverse  direction and approximately 12 .7  cm (5 .0  i n . )  a p a r t  i n  the 
longitudinal  direction  (thermal  gradients  are much less  severe  in  the 
longitudinal  direction). To keep the model from becoming too  large,  the 
symmetry of the panel was u t i l i  zed and a portion o f  the  structure spanning 
three frames was idealized  since  analysis showed th i s  was suff ic ient  t o  
simulate  accurately  the  stress  distributions  in  the  panel. 

B.3.6 THERMAL STRESSES 

Using the two-dimensional temperature  distributions,  (see  section 
B.3.3) thermal s t resses  were calculated by elementary beam bending theory 
accounting for e las t ic   s t ra ins .  The thermal s t resses  were  computed assuming 
an in f in i te ly  long  beam w i t h  constant  temperature  in each element,  zero 
slope  over  the  supports , and freedom t o  expand in  the  plane of the  panel. 

Thermal stresses  in  the panel skin/tube  area were calculated a t  bo th  
the  entrance and ex i t  of the  full  scale  panel. Thermal stresses  in  the 
outer  skin,  the  tube, and the  inner  skin f o r  the  basic panel cross-section 
are shown in  Figure 62,  for  the  area near the panel entrance, where the 
maximum thermal stresses  occur. Note the  sinusoidal  variation of thermal 
stress  in  the  outer  skin,  Figure 62, w i t h  maximum compressive s t ress  
occurring midway between the  tubes. The coolant  tubes  are  in  tension and 
the  inner  skin i s  in compression. 

Thermal s t resses  were determined  in the manifold  area a t  b o t h  the  entrance 
and ex i t  of the  full  scale  panel. Thermal stresses  in  the manifold  area are 
shown in  Figure 63 f o r  the  area  near  the panel entrance, where the maximum 
thermal stresses  occur. 
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B.3.7 FRACTURE MECHANICS 

Sur face  cracks i n   t he   t ubes   and   c racks   emana t ing  from f a s t e n e r   h o l e s   i n  

the  sk ins  were  the  two  types  o f   f laws  cons idered.   F laws  were assumed i n  areas 

where  panel f a i l u r e  was most  probable - e i t h e r  due t o   o v e r h e a t i n g   o r   o v e r -  

s t r e s s i n g .  The o p e r a t i n g   s t r e s s   l e v e l s   f o r   b o t h   t h e   m e c h a n i c a l  and  thermal 

l oad ings   a re  shown, F igure  64, separately  and  combined, t o   p e r m i t   i d e n t i f i c a -  

t i o n   o f   t h e  most c r i t i c a l   c o n d i t i o n .  
Crack  propagation i s  more l i k e l y   i n   t h e   i n n e r   s k i n ,   s i n c e  it i s  more 

h i g h l y   s t r e s s e d  

c o n d i t i o n ,   t h e  

t e n s i o n   s t r e s s  

ho les  i s  even 1 

more l i k e l y   t o  

t h a n   t h e   o u t e r   s k i n .   ( N o t e   t h a t   f o r  a normal   operat ing 

thermal   s t resses ,   F igure  62, s i g n i f i c a n t l y   r e d u c e   t h e  maximum 

l e v e l s   i n   t h e   o u t e r   s k i n  and so c rack   g rowth   f rom  the   fas tener  

ess 1 i k e l y .  ) On t h e   o t h e r  hand,  surface  f laws  were  considered 

occur  i n   t h e   o u t e r   s k i n ,   s i n c e  it i s  exposed t o   f o r e i g n   o b j e c t  

damage. However, a n a l y s i s  showed t h a t   s u r f a c e   f l a w s  as l a r g e  as 1.27 cm 

(0 .500  in . )   long  and 0.06 cm (0 .025  in . )  deep wou ld   no t  grow a t   t h e   o p e r a t i n g  

s t r e s s   l e v e l   o f  84.4 MPa (12,300 p s i ) .  
As a r e s u l t   o f   t h e  above ana lys i s ,   t he   pane l  was f o u n d   t o  have a f a t i g u e  

l i f e   o f  20,000  cycles. 

B.3.8 PANEL STABILITY 

A beam column a n a l y s i s   a d d r e s s i n g   p a n e l   s t a b i l i t y  and  account ing   fo r  

d e f l e c t i o n s   a s s o c i a t e d   w i t h   m a n u f a c t u r i n g   e c c e n t r i c i t i e s  and  pressure 

load ings  showed panel s t a b i l i t y   t o  b e   t h e   c r i t i c a l   f a i l u r e  mode. 

The c r i t i c a l   l o a d i n g   c o n d i t i o n   f o r   t h e  beam column  analysis,  see  Table 8, 

i s  an ou tward   p ressu re   coup led   w i th  a compress ive  in-p lane  running  load.  

T h i s   r e s u l t s   i n  a maximum compress ive   s t ress  on the   inner   face   sheet ,   wh ich  

i s   r e f 1   e c t e d   i n   t h e   r e d u c e d  moment capabi 1 i ty  o f   t h e   c r o s s   s e c t i o n  due t o   t h e  

l o w e r   w r i n k l i n g   a l l o w a b l e  o f  t he   i nne r   f ace   shee t .  
Table 8 summar izes  the  resul ts   o f   these  analyses , i d e n t i f y i n g   t h e  

c r i t i c a l  components , s t r e s s   l e v e l s  , f a i l u r e  modes , and  margins o f   s a f e t y .  

As shown , t h e  Dee tubes  are  equal l y  c r i t i c a l  , i .e. , have  zero  margins o f  

sa fe ty ,   over   the   in te rmed ia te   f rames and  midway  between  frames.  Cracks 

growing   th rough  the   th ickness   o f   the  0.089 cm (0.035 i n . )   w a l l   i s   t h e  

c r i t i c a l   f a i l u r e  mode. The i n n e r   s k i n  i s  c r i t i c a l   o n l y   i n   t h e   a r e a   o f   t h e  
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intermediate  frames, and cracks growing from  one side of a fastener  hole  is 
the   c r i t i ca l   fa i lure  mode. 
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APPENDIX C 

FATIGUE  SPECIMENS 

S i x  fatigue specimens were fabricated by MC AIR and tested a t  room 
temperature by NASA. These specimens,  Figure 1 2 ,  were representative of 
three  different  areas of the  full  scale  panel. 

The skin/Dee tube/manifol d specimen consisted of manifolds  with  provi- 
sions  for  pressurizing  the Dee tubes, an outer  skin, and loading  adapters. 
The  honeycomb core and inner  skin were omi t ted t o  permit  access t o  the Dee- 
tube-to-manifold and the  Dee-tube-to-outer-skin  interfaces. The specimen was 
12 .7  cm x 27.94 cm ( 5  x 11 i n . ) .  

The corner  splice specimen represented  the  corner of the panel and  
incorporated  the  inner and outer  skin , honeycomb core, manifolds , and la teral  
and longitudinal  splice  intersections. Means for  pressurizing  the specimen 
were supplied by welding 1 .27  cm (. 50 in .  ) diameter f i t t i ngs  t o  the ends of 
b o t h  the  inlet  and ex i t  manifolds. The loading  adapters were interchangeable 
with  the  skin/Dee  tube/manifold specimen. 

The basic  skin specimen consisted simply of an 0.102 cm (0.040 in . )   skin 
with  tapered  loading  doubler bonded t o  the ends t o  reduce the  stress concen- 
t ra t ion a t  the  loading  adapters. The specimen was 1 2 . 7  x 27.94 cm (5  x 11 i n . ) .  

Of the  four specimens (two skin/Dee  tube/manifold specimens and two 
corner  splice specimens) fabricated, only one had the low temperature  solder 
(91Sn-9Zn) attaching  the  outer  skin t o  the  coolant  passages and manifolds. 
The other  three specimens were fabricated  using  the  elevated  temperature 
curing  silver-filled  adhesive. This adhesive had i n i t i a l l y  been selected t o  
attach  the  outer  skin t o  the  coolant  passages. However, i t  was discarded 
when i t  was found t o  have low peel strength and  low thermal conductivity. 
The  low peel strength,  0.18 k N / m  (1 .0  l b f / i n . ) ,  was discovered when  numerous 
disbonds  occurred between the Dee tubes and the  outer  skin  during shop 
handling of the specimens. Damage could be avoided  with special  care in 
handling. However, the 1 ow thermal conductivity of the  adhesive  could n o t  be 
accepted  since i t  would resul t  i n  skin  temperatures  in  excess of  the  design 
value of 422K (300OF) (see Tables 6 and 7 ) .  The decision t o  use low 
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t empera tu re   so l   de r   ra the r   t han   t he   e leva ted   t empera tu re   cu r ing   s i  1 v e r - f i  1 l e d  
a d h e s i v e   f o r   a t t a c h i n g   t h e   o u t e r   s k i n   t o   t h e , c o o l a n t  passages was n o t   t h e  
r e s u l t   o f   t h e   f a t i g u e   t e s t s .  All specimens t h a t  used   t he   adhes ive   sa t i s f i ed  
the   f a t i gue   requ i   remen ts .  

c. 1 FATIGUE SPECIMEN SOLDERING PROCESS 

In-house  developments o f   p l a t i n g ,   f i x t u r i n g ,  and  specimen  heating  cycles 
were r e q u i r e d   t o   o b t a i n   s u c c e s s f u l   s o l d e r i n g .  The p l a t i n g   p r o c e s s   i n v o l v e d  
z i n c a t i n g ,  a cyan ide   copper   s t r i ke ,  a copper  p late,   and a t i n   p l a t e .  S m a l l  

l a p   s h e a r  coupons  were t e s t e d  t.o deve lop   so lde r   hea t ing   cyc les  and  processing 
techniques  and t o   e s t a b l i s h   j o i n t   s t a t i c  and f a t i g u e   s t r e n g t h .  

S e l e c t i o n   o f   t h e   s o l d e r i n g   h e a t i n g   c y c l e  was de te rm ined   to  be i m p o r t a n t  
s i n c e   t h e   o r g a n i c   f l u x   b e g i n s   t o   o u t g a s  as i t  c leans   the   ox ides   f rom  the  
s u r f a c e s   a t  422K (300OF) , and  the 91Sn-9Zn s o l d e r  does n o t  me1 t u n t i l  
472K (39OOF). Consequently, i t  i s   e s s e n t i a l   t h a t   t h e   t i m e  span  between 422K 
(300OF) and 472K (390OF) be as s h o r t  as p o s s i b l e  so as n o t   t o   p e r m i t   t h e   f l u x  
t o   e x h a u s t   i t s e l f   p r i o r   t o   t h e   s o l d e r   r e a c h i n g   i t s  472K (390OF) t o  500K 
(440OF) wett ing  temperature  range.  The t ime   a t   t empera tu re  i s  a f u n c t i o n   o f  

t he   ab i l i t y   t o   ach ieve   un i fo rm  tempera tu re   t h roughou t   t he  component. 
Therefore,  a s o l d e r i n g   h e a t i n g   c y c l e   w i t h   t e m p e r a t u r e   r i s i n g   f r o m  450K 
(35OOF) t o  500K (440OF) i n  5 minutes ,   ho ld ing  a t  500K (440OF) f o r  2 minutes,  
and  then  fa1 1 i n g   f r o m  500K (440OF) t o  450K (350OF) i n  5 minutes was es ta-  
b l i s h e d .   U n i f o r m   w e t t i n g   o f   t h e   f a y i n g   s u r f a c e s   w i t h   t h e   s o l d e r  was 
d i f f i c u l t   t o  ach ieve ,   espec ia l l y   i n   a reas   hav ing   ove r laps   g rea te r   t han  0.636 
cm (0.25 i n . ) .   T h i s  was because o f   o u t g a s s i n g   o f   t h e   o r g a n i c   f l u x   w h i c h  was 
used t o  remove the   ox ides   f rom  the   su r faces   t o  be  soldered.  Performat ions i n  
one o f   t h e   f a y i n g   s u r f a c e s  was found  to   improve  wet t ing.   Consequent ly ,   the 

o u t e r   s k i n  was per fo ra ted ,   as  shown i n   F i g u r e  65,  on one coolant  passages/ 

sk in /mani fo ld   spec imen.  
S i x  coupons  were t e s t e d   a t  room  temperature  and a t  350K (1  7OoF) .  F i v e  

o f   t h e  coupons  were f a t i g u e   t e s t e d   t o   f a i l u r e  and t h e   s i x t h  was f a t i g u e  
t e s t e d   t o  20,000 c y c l e s   a n d   t h e n   l o a d e d   s t a t i c a l l y   t o   f a i l u r e .  The 3.25kN 
(730 l b f )   l o a d   c o r r e s p o n d e d  t o  t h e  maximum limit l o a d   t h a t   i s   t r a n s f e r r e d  
f r o m   t h e   o u t e r   s k i n   t h r o u g h   t h e   s o l d e r   t o   t h e   m a n i f o l d .  The 350K (170'F) 

45 



tempera ture   cor responds  to   the  maximum bond l i ne   t empera tu re   wh ich   occu rs   a t  

t h e   e x i t   m a n i f o l d .   R e s u l t s   o f   t h e  coupon t e s t s   a r e   g i v e n   i n   T a b l e  9. 
S o l d e r   w e t t i n g  as  low  as 50% was d e t e r m i n e d   t o  be  acceptable  f rom a 

thermodynamic   s tandpo in t ,   s ince   the   thermal   conduct iv i t y   o f   the   so lder  was 
much h igher   than  the  des ign  va lue  and  the  vo ids i n   t h e   s o l d e r  were  randomly 
dispersed,  as shown i n  F igure  66. 

C.2 FATIGUE SPECIMEN TESTS 

The f a t i g u e   l o a d s   a p p l i e d   t o  each o f   t h e   t h r e e  specimens  are shown i n  

Figure  18. The loads   co r respond   to   t he  maximum limit loads   sus ta ined   f o r  

20,000 c y c l e s  (5,000 cyc les  t imes a s c a t t e r   f a c t o r   o f  4 )  w i t h o u t   f a i l u r e .  

Subsequent   sec t ions   d iscuss   the   app l ied   loads   and  the   resu l ts  of  t h e   f a t i g u e  

t e s t s   f o r  each o f   t h e  spec imens.   Add i t iona l   in fo rmat ion  i s   i n  Reference  11. 

C.2.1 BASIC S K I N  SPECIMENS 

The f a t i g u e   l o a d i n g   f o r   t h e   b a s i c   s k i n   s p e c i m e n  was va r ied   f rom 0 t o  

13.8 kN ( 0  t o  3100 l b f ) .  Only  tension  loads  were  appl ied,   s ince  the  specimen 
was n o t   s t a b i l i z e d   t o   p r e v e n t   b u c k l i n g .   T h i s   l o a d i n g   p r o d u c e d   1 0 6 . 9  MPa 

(15,500 p s i )   i n   t h e  0.102 cm (0.040 i n . )   o u t e r   s k i n  and i s   r e p r e s e n t a t i v e   o f  

t he   s t resses ,   ove r   t he   i n te rmed ia te   f rames ,   deve loped   i n   t he   i nne r   sk in   o f  

t h e   f u l l   s c a l e   p a n e l  when s u b j e c t e d   t o  a t e n s i l e  210 kN (1200 l b f / i n . )   i n -  

p lane   l oad   coup led   w i th  an  outward  act ing  6.89 kPa ( 1 . 0   p s i )   p r e s s u r e .  
The b a s i c   s k i n  specimens  were t e s t e d   f o r  20,000 cyc les .  Then a crack 

s t a r t e r  was p u t   i n   t h e   c e n t e r   o f  each  specimen. The c r a c k   s t a r t e r  was produced 

b y   d r i l l i n g  a 0.277 cm (0.109 i n . )   d i a m e t e r   h o l e   i n   t h e   s k i n  and  sawing a c u t  

0.079 cm (0.031 i n . )   l o n g  on  each s i d e  o f   t h e   h o l e ,   r e s u l t i n g   i n  a t o t a l   c r a c k  

l e n g t h ,   t i p   t o   t i p ,   o f  0.435 cm (0 .171  in . ) .  The g r o w t h   o f   t h e   c r a c k s  

versus  cyc les i s  p l o t t e d   i n   F i g u r e  67 f o r  each  of  the  two  specimens  tested. 

C.2.2 CORNER SPLICE SPECIMENS 

The c o r n e r   s p l i c e  specimens  were  subjected  to a c o m p l e t e l y   r e v e r s i b l e  

25.35 kN (5700 l b f )   i n - p l a n e   l o a d .   T h i s   l o a d  i s  r e p r e s e n t a t i v e   o f   t h e   m a x i -  

mum l o a d i n g   i n   t h e   c o r n e r   o f   t h e   f u l l   s c a l e   p a n e l .  It produces maximum 
f a s t e n e r   l o a d s   i n   t h e   o u t e r   t r a n s v e r s e   s p l i c e   p l a t e   a n d   c o r r e s p o n d s   t o  a 

c o m p l e t e l y   r e v e r s i b l e   l o a d i n g   i n   t h e   f u l l   s c a l e   p a n e l   w h i c h   r e s u l t s   f r o m  a 
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t ens i l e  210 kN/m (1200 lb f / in )  i n  plane  loading  coupled w i t h  an inward acting 
6.89 kPa (1.0 psi) pressure  loading,  or a compressive  in-plane  load  coupled 
w i t h  an outward acting  pressure  loading. 

The f i r s t  corner  splice specimen was pressurized  to 51 7 kPa (75 psi ) 
and subjected  to a fu l ly  reversed  loading  of - +25.35 kN (+5700 - l b f )   f o r  
24,789 cycles w i t h  no apparent damage.  However, considerable  joint motion 
was observed i n  the  area  of the fasteners.  

A hole was then d r i l l ed  through the  outer skin and completely  through a 
tube  of t h e   f i r s t  corner  splice specimen. The hole i n  the outer  skin was 
then plugged so tha t   f lu id  could enter   the honeycomb core. The coolant 
passages were pressurized  to 517 kPa (75 p s i ) ,  and the specimen was cycled 
f o r  10,000 cycles a t  - +25.35 kN (25700 l b f )  . No damage or  loss  in  pressure 
was observed. The cycl ic  load was increased  to - +30.69 kN (+6900 - 1 b f )  
(1  21 % of the  design 1 imi t load) and a f t e r  3000 cycles a pressure d r o p  was 
detected. The pressure was gradually  increased back t o  517  kPa (75 psi ) and 
the  testing continued f o r  another 2000 cycles w i t h  no apparent damage. 
Testing was terminated a f t e r  an additional 571 cycles when a crack 
approximately  3.80 cm (1.5  in .  ) 1 ong  was discovered i n  the  inner  face  sheet 
a t   t h e  skin/manifold  interface. 

Subsequent non-destructive  tests  (x-rays)  indicated  that  the  pressure 
drop resulted from fluid  entering i n t o  8 t o  10 of the  adjacent honeycomb 
cel l  s .  The t e s t  demonstrates  the capabi 1 i ty  o f  the 49.66 kg/m3 (3.1 1 b m / f t 3 )  

honeycomb to  contain  the  coolant  (for  the 5000 cycle  design l i f e  of  the  panel) 
i n  the  event of a crack i n  a t u b e .  

The second corner  splice specimen had excessive  joint motion i n  the 
fastener  areas  similar  to  that  observed i n  t h e   f i r s t  specimen. Unfortunately, 
the second specimen was destroyed  after b e i n g  subjected  to  only 2000 cycles,  
due t o  a malfunction i n  the  testing equipment which overloaded  the specimen. 

C.2.3 - COOLANT PASSAGES/SKIN/MANIFOLD  SPECIMENS 

The fatigue  loading  for  the skin/Dee  tube/manifold specimens was cycled 
from 0 t o  18.1 kN ( 0  t o  4070 l b f ) .  This loading produced a maximum s t r e s s  of 
82.7 MPa (12,000 psi)  i n  the  outer skin. This stress is equivalent  to  the 
stress level developed i n  the outer skin of the  ful l   scale  panel , i n  the 
area of the  intermediate  frames, when the panel i s  subjected  to a 210 kN/m 
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(1200 l b f / i n . )   i n - p l a n e   l o a d i n g   c o u p l e d   w i t h   a n   i n w a r d   a c t i n g  5.89 kPa 

(1.0 p s i )   p r e s s u r e   l o a d i n g .  One o f   the   coo lan t   passages/sk in   spec imens was 

f a b r i c a t e d   u s i n g   t h e   e l e v a t e d   t e m p e r a t u r e   c u r i n g   s i l v e r - f i l l e d   a d h e s i v e  and 

t h e   o t h e r  w i  t h  1 ow t e m p e r a t u r e   s o l   d e r   f o r   a t t a c h i n g   t h e   o u t e r   s k i n   t o   t h e  

cool   ant   passages. 

The specimen  having  the  adhesive was s u b j e c t e d   t o  a t o t a l   o f  78,176 

c y c l e s   b e f o r e  a leak  developed i n  one o f   t h e   c o o l a n t   t u b e s .   F i r s t ,  wi t h   z e r o  

coo lan t   p ressure ,  i t  was s u b j e c t e d   t o  a c y c l i c   l o a d  o f  0 t o  18.1 kN (0  t o  
4070 l b f )   f o r  20,000 cyc les   w i th   no   apparent  damage. Second, a 0.277 cm 

(0.109 i n . )   d i a m e t e r   h o l e  was t h e n   d r i l l e d   i n   t h e   s k i n ,  midway between  tubes, 

and a saw c u t  0.079 cm ( .031  in .  ) long,  was  made on each s i d e   o f   t h e   h o l e .  

Wi th   coolant   pressure  o f  517 kPa (75 p s i ) ,  16,176 c y c l e s   o f   l o a d i n g   f r o m  0 

t o  18.1 kN (0  t o  4070 l b f )  was sus ta ined  w i th   no   c rack   g rowth   de tec ted .  

Th i rd ,   t he   s imu la ted   c rack   l eng th  was increased  to   0 .953 cm (0.375 i n . )   t i p  

t o   t i p .  The above  pressures  and  loads  were  cont inued  for   another 20,000 

c y c l e s  and still no  crack  growth was de tec ted .   Four th ,   the  maximum l o a d  was 

t h e n   i n c r e a s e d   t o  22.69 kN (5100 l b f )   ( 1  25% o f   d e s i g n  1 imi t 1 oad)  and  cycled 

0 t o  22.69 kN (0 t o  5100 l b f )   f o r  22,000 cyc les   be fo re  a s low  leak  developed 

i n  one o f   t h e   t u b e s   n e a r   t h e   t u b e / m a n i f o l  d b r a z e d   i n t e r f a c e .   F i f t h  , t h e  

t e s t  was t h e n   c o n t i n u e d   f o r   a n o t h e r  20,866 cyc les ,   w i thou t   p ressu re ,  and t h e  

crack i n   t h e   s k i n   p r o p a g a t e d   a c r o s s  one o f   t h e   t u b e s   w i t h o u t   p r o p a g a t i n g   i n t o  

the  tube.   (The  s t ress i n   t h e   s k i n   c o r r e s p o n d i n g   t o   t h e   1 8 . 1  and  22.69 kN 

(4070  and 5100 l b f )   a p p l i e d   l o a d  was 82.7 MPa (12,000 p s i )  and  103.7 MPa 

(1  5,035 p s i  ) , r e s p e c t i v e l y .  ) 
The skin/Dee  tube/manifold  specimen  wi th  the  low  temperature  solder was 

p r e s s u r i z e d   t o  51 7 kPa (75  p s i  ) a n d   t h e   l o a d   c y c l e d   f o r  20,000 cyc les   w i th   no  

apparent damage. Next, a c r a c k   s t a r t e r  was c u t   i n   t h e   c e n t e r   o f   t h e  specimen 

midway  between  tubes. The c r a c k   s t a r t e r  was a saw c u t   w i t h   r a z o r   c u t  V -  

grooves  on  each  end.  Tip t o   t i p   l e n g t h   o f   t h e   c r a c k   s t a r t e r  was 1.04 cm 

(0.410  in . ) .  The specimen was a g a i n   p r e s s u r i z e d   a n d   c y c l i c   l o a d   i n i t i a t e d .  

A f t e r  142,946 a d d i t i o n a l   c y c l e s  , the  crack  grew  past   one  tube  wi thout  

damaging it; Figure  68 shows t h e   r e s u l t s   o f   t h e   t e s t .  

The ref inements i n   t h e   f u l l   s c a l e   p a n e l   d e s i g n   r e s u l t i n g   f r o m   t h e   f a t i g u e  

tes ts   were :  (1 ) The tolerances  between  the  fasteners  and  the  holes i n   t h e  

l a t e r a l   s p l i c e   p l a t e  were  t ightened. The ho les  i n   t h e   f a t i g u e  specimens  had 
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a specified  tolerance of +.0056/-.OOOO cm (+.0022/-.OOOO i n . ) .  The  new 
tolerances  are +.0038/--0018 cm (+.00151/-.0007 i n . )  ; and (2) so l id  
a1 umi num between mani fol d flanges a t  each fastener 1 ocation was provided. 
These refinements were incorporated  because  of  excessive motion observed i n  the 
corner  splice specimens a t  the onset of tes t ing.  
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APPENDIX D 

TEST PANEL DESIGN AND ANALYSIS 

The t e s t  pane '1 design i s  based on the  full  scale panel design and i s  
representative of a section a t  the end  of the  full  scale  panel. A1 t h o u g h  
several components of the  tes t  panel were fabricated,   the  test  panel was n o t  
completed because of inabi l i ty  t o  attach  the manifolds and Dee tubes t o  the 
outer  skin  using  the low temperature  solder.  Details of the problems are in 
Appendix E .  Figure 1 9  shows a schematic of the  test  panel, load adapter, 
and support  frames. The t e s t  panel i s  0.61 x 1.22m ( 2  x 4 f t )  and i s  
supported by three  a i rcraf t  type  support  frames. The detai ls  of the  tes t  
panel, such as  attachment t o  support frames and attachment t o  adjacent 
panels  along  the 1.22m ( 4  f t )  longitudinal  edge,  are  the same as  for  the  full 
scale panel design,  reference Appendix B .  NASA had planned on heating  the 
panel with a radiant lamp  bank while  loading  the panel in a fatigue machine. 

D.l TEST PANEL LOAD ADAPTER 

Provisions were made along the  transverse edges of the panel fo r  
application of  the  in-plane  loads and t o  compensate for  the  differential 
thermal  expansion between the  manifold and the load adapters. This was 
accomplished by applying and reacting  the  in-plane  loads  with a 2.54 cm 
(1 .0  in)  thick aluminum load adapter. The load adapter has two rows of 
fasteners (See  Section A - A ,  Figure 1 9 ) :  one row has close  tolerance  holes 
for  transferring  the  axial  loads; and the second row, closest t o  the  manifold, 
has oversized  holes t o  allow for  differential  thermal expansion between the 
manifolds and  the  load  adapters. The loads  are  transferred from the  load 
adapter  into a ser ies  of t i   t an i  um (selected because of i t s  1 ow thermal 
conductivity)  links, which i n  turn transfer  the load  int.0  the  transverse 
spl ice   plate ,  on the  outer  surface, and i n t o  the  flange of the  support frame , 
on the  inner  surface. The loads  are  then  transferred from the  splice  plate 
and the  flange of the  support frame to  the  outer and inner  surfaces of the 
manifold , respectively. 
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Asbestos insulators were placed between the aluminum load  adapters and 
the  titanium  links.  Insulation was also placed  over one side of the  load 
adapter t o  reduce heat loss t o  the environment. Thermal and structural  
analyses showed t h a t  this design  reasonably  simulated  temperatures and  thermal 
stresses  in  the  full  scale  panel. 

D.2 THERMAL AND STRUCTURAL ANALYSES 

Thermal and structural  analyses were required t o  simulate  differences 
between the   t es t  panel and the  full   scale panel design  in  order t o  ensure  that 
the  full  scale panel i n l e t  and exit  conditions could be simulated. The 
primary differences  included use of ethylene  glycol/water  instead of 
methanol/water  as the  coolant,  increased  interface conductance between the 
Dee tubes a n d  the  outer  skin  resulting from the high thermal conductivity of 
the  solder, and the  heat  sink  effects of the  load  adapters and the proposed 
NASA t e s t  apparatus. 

D.2.1 FULL SCALE PANEL ANALYSIS WITH ETHYLENE GLYCOL/WATER 

A thermal analysis was performed t o  determine  the  coolant flow rate 
required  for a 60/40 mass solution of ethylene  glycol/water t o  simulate  the 
full   scale panel temperatures.  Results of the  coolant  evaluation  presented 
in  Fig. 42 showed that  the optimum in l e t  temperature was 283K (5OOF). 
Uti1 i zing t h i s   i n i t i a l  temperature ( a n d  the  glycollwater  properties  presented 
in  Figures 33-37)  temperatures of the  full-scale panel and splice  plates were 
determined  as a function of coolant flow rate ,  as  presented  in  Figure 69. 
Since  the  onset o f  ful ly  developed turbulent flow  cannot be rigorously 
determined, two 1 imi ting  cases were considered i n  predicting maximum panel 
temperatures. The sol  id 1 ine i n  Figure 69 i s  based on the assumption t h a t  the 
flow is   ful ly   turbulent  f o r  the  full  length of  the  panel. I t  i s  probable 
that  this  condition  will  prevail , due t o  the high entrance Reynolds  number 
(greater t h a n  3000) and induced turbulence  as a resul t  of the flow turning  as 
i t  enters  the  coolant  tube. However, to  ensure  conservatism  in  the 
prediction of maximum panel temperatures, a second condition was considered 
(dashed  curve) where ful ly  developed turbulent flow i s  delayed  until  the 
Reynolds  number reaches  10,000.  This l a t t e r  condition  results  in maximum 
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panel temperatures  that  are  approximately 4.4K ( 8 O F )  higher, and hence was 
used i n  t e s t  panel analyses. For the  all-turbulent'   case,  the maximum panel 
temperature  (longitudinal  splice-plate)  occurs a t  the panel ex i t  , whereas when 
a c r i t i ca l  Reynolds number of  10,000 is  used, maximum temperatures  occur  in 
the  vicinity of the  inlet .  As shown in  Figure 69, a design  flow rate of 
485 k g / h r  (1070 lbm/hr)  per  tube resul ts  i n  a maximum temperature of 422K 
(300OF) for  the  full  scale  panel. A t  the design flow rate  the  inlet  coolant 

( 138OF) , a n d  
i s  245 kPa 

temperature i s  283K (5OoF) , the  exit  coolant  temperature 
the  pressure drop in  the  full  scale panel , excluding man 
(35.5 ps i ) .  

i s  332K 
i fol ds , 

D.2.2 TEST PANEL  THERMAL ANALYSIS 

Predicted  test panel temperatures  for a simulated  full  scale  inlet and 
exit  condition  are  presented  in  Figures 70 and  71 , respectively.  Since  the 
t e s t  panel i s  only 1.22m ( 4  f t )  long,  temperatures  increase  only 5K (9OF)  
over  the  length of the  panel. To simulate  the  inlet  condition  (Figure 70) 
the  glycollwater  coolant  enters a t  283K (5OoF) and ex i t s  a t  294K (68.3OF). 
Full scale   exi t  manifold  conditions can be simulated  (Figure 71)  with a coolant 
i n l e t  temperature of 322.7K (120.0°F) ,  which results  in an ex i t  temperature 
of 332K (138OF). The overall  temperature  level of the panel increases by 
a b o u t  22 t o  28K (40 t o  5OoF) in  the  simulated exit  condition. 

Predicted  transverse  spl  ice-plate  temperatures  for  the  test panel are 
compared t o  full   scale panel design  values  in  Figure 72. The t e s t  panel 
temperatures  will be lower than  predicted  full  scale panel temperatures because 
o f  heat  transfer t o  the  test  panel loading  grip, which in turn is  dissipated 
t o  the ambient environment. The spl  ice-plate  temperatures of Figure 72 are 
based on insulat ing  the  f i rs t   6 .5  cm ( 2 . 6  i n . )  of the  loading  adapter. Omit- 
ting  the  insulation would increase  the  heat  transfer t o  the ambient environment 
and decrease 1 ateral  spl i ce-pl ate  temperatures. 

Transient  analyses were performed t o  determine i f  sudden heat-up o r  
shut-down of  the  heater would result  in thermal gradients which  would jeo- 
pardize  the  structural  integrity of the  panel. Analyses were performed for  
the  inlet  and  ex i t  manifold/load  adapter  assemblies.  Figure 73  shows resul ts  
for   the  inlet  manifold where the  largest  temperature  difference  occurs. 
Transient  temperature  differences  are  less than  the  steady s t a t e  values and 
will n o t  jeopardize  the  structural  integrity of the  panel. 
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Transient  analyses were also performed t o  determine  temperature  gradients 
i n  the  basic panel (tube/skin/honeycomb/inner skin) and the  results  are 
presented i n  Figure 74. As shown, transient temperature  differences  are 
greater than  the  design  steady state  values. Consequently, thermal stresses 
in  the panel were determined  using  the  temperature distributions from Figure 
74, considering both a sudden heat-up of the panel and a sudden  shut-down  of 
the  heater. The resul ts  of the  analysis  are  presented  in  Figure 75 for  the 
worst case,  i.e.,  near  the  inlet  manifold,  for  the  simulated  full  scale panel 
entrance  condition.  This i s  the  area where the maximum AT'S and consequently 
the maximum thermal s t resses ,  occur. The stresses  for  the  inner and outer 
skin and the  coolant  tube  are compared t o  those  predicted  for  the  steady 
state  condition. As was expected, a sudden heat-up  condition  results  in 
compressive stresses  in  the  outer  skin and a tensi le   s t ress  i n  the  inner  skin, 
due t o  the  outer  skin expanding rapidly and being restrained by the  inner 
skin. The reverse  is  true  for a sudden  shut-down of  the  heater. This 
condition, sudden heater shut-down, was determined to  be less c r i t i ca l  than  a 
sudden heat-up of the  panel. 

D.2.3 MANIFOLD PRESSURE DROP ANALYSIS 

A detailed  pressure drop analysis was performed for  the  inlet  and ex i t  
manifolds and the  results  are  presented  in  Figures 76 and 77 ,  respectively. 
The pressure drop in  manifolds  varies from 46.7 kPa (6.78  psi) for a 
simulated  full-scale  inlet  condition t o  27.1 kPa (3.93  psi) for  a simulated 
full  scale  exit  condition. However, the  pressure drop i n  the  inner chamber 
i s   the  only  contributor  to non-uniformi t y  of flow t h r o u g h  the  panel, and i s  
less than 10% o f  the  total  pressure drop i n  the  manifold. Based on the above 
computed pressure drops ,  flow  through  the t e s t  panel has been  computed t o  be 
within - +5% of the nominal, as  shown i n  Table 10. Analyses indicate a 55% 
deviation i n  coolant flow t h r o u g h  the panel results  in  less t h a n  a - t2.8K 

(+5OF) change in panel temperatures. 
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APPENDIX E 

TEST  PANEL FABRICATION/SOLDERING  PROBLEMS/EVALUATION 

The t e s t   p a n e l  was n o t   f a b r i c a t e d   b e c a u s e   o f   i n a b i  1 i ty t o   s o l d e r   t h e  

ou te r   sk in   t o   t he   man i fo ld /Dee   tubes .   So lde r ing   o f   two   assemb l ies  was 

a t tempted.   Th is   Append ix   d iscusses   fabr ica t ion   o f   the   tes t   pane l   components ,  

t h e   s o l d e r i n g   a n d   p l a t i n g   p r o b l e m s   e n c o u n t e r e d ,   a n d   t h e   r e s u l t s   o f   t h e   p o s t -  

s o l d e r i n g   f a i  1 u r e   a n a l y s i s .  

E . l  FABRICATION PROCESS 

F a b r i c z t i o n   o f   t h e   t u b e / m a n i f o l d / o u t e r   s k i n   a s s e m b l y   i n v o l v e d :   ( 1 )   s a l t  

b a t h   b r a z i n g   t h e  Dee t u b e s   t o   t h e   m a n i f o l d   d e t a i l   u s i n g  A1 coa  718  braze f o i  1 ; 

( 2 )  w e l d i n g   t h e   r e m a i n i n g   m a n i f o l d   d e t a i l s   w i t h  4043 aluminum f i l l e r   r o d   t o  

complete  the  tube-manifold  subassembly;   (3)   heat  t reat ing  the  6061-0  tube/ 

man i fo ld   subassembly   to   the  T6 c o n d i t i o n ;   ( 4 )   s t r a i g h t e n i n g   t h e  Dee tubes; 

( 5 )  p la t ing   the   tube/man i fo ld   subassembly  and t h e   o u t e r   s k i n ;  and (6 )   l ow  

tempera tu re   so lde r ing   t he   ou te r   sk in   t o   t he   t ube /man i fo ld   subassemb ly .  

Figures  78  thrcugh  83 show the  subassemblies i n  v a r i o u s   s t a g e s   o f  

f a b r i c a t i o n .  The Dee tubes , t h e  Dee tube  end  plugs , and the  mani f o l  d d e t a i  1 s 

a re  shown i n   F i g u r e  78.  These  components compr ise  the  mani fo ld /Dee  tube 

subassembly.  This  subassembly was brazed i n  one  operat ion.  

F igure  79 shows t h e  Dee tubes i n   p o s i t i o n   i n   t h e  machined  mani fo ld  

d e t a i l  and a c lose-up  o f   the   corner   a rea ,   showing  the   recess   and  the   s lo t  

machined i n t o   t h e   m a n i f o l d   d e t a i l  and t h e   c o r r e s p o n d i n g   s l o t   i n   t h e  Dee tube. 

Incone l  625 "C"-clamps  were  used t o   m a i n t a i n   p r e s s u r e  between  the  mani fo ld  

and t h e  Dee tubes   du r ing   b raz ing .  The b r a z i n g   f i x t u r e  shown i n   F i g u r e  79 

was subsequent ly   d iscarded when i t  was f o u n d   t h a t   d i f f e r e n t i a l   e x p a n s i o n  

between t h e  Dee t u b e s   a n d   t h e   b r a z i n g   f i x t u r e   c r e a t e d  gaps  between  the  ends 

o f  t he   t ubes   and   t he   man i fo ld   de ta i l .  The f i n a l   b r a z i n g   o p e r a t i o n   u s e d  a 

1.27 cm (0.50 i n . )   t h i c k  aluminum p l a t e   l o c a t e d   d i r e c t l y   u n d e r  each m a n i f o l d  

to   permi t   the   Incone l   "C" -c lamp  to   c lamp more d i r e c t l y .   F i g u r e  80 shows the  

s a l t   b a t h   b r a z i n g   o p e r a t i o n .   F i g u r e  81 shows the  completed  (brazed  tubes 

and welded  mani fo lds)   tube/mani fo ld   assembly.  
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Figure 82 shows the 0.10 cm (0.040 i n . )  outer  skin and the  0.64 cm 
(.025 i n . )  closure  angles w i t h  the 0.160 cm (0.063 i n . )  diameter  holes t h a t  
were  added in an attempt  to improve the  solder  wetting  (reference Appendix C ) .  
Perforation of the  outer  skin and closure  angles was eliminated because the 
perforations d i d  n o t  markedly improve wetting.  Subsequently, capi 11 ary action 
was depended on t o  draw in  the  solder and force o u t  the  flux  gases. The tube/ 
manifold assembly and outer  skin  are  plated and tinned i n  order t o  improve the 
solder  wetting of the  faying  surfaces. The plated  tube/manifold assembly and 
outer  skin pa r t s  are shown i n  Figure 83 with  the masking applied i n  order t o  
provide  clean  surfaces  for  the  subsequent bonding  operations. The masking i s  
removed after  the  soldering  operation. 

E . 2  PLATING AND SOLDERING PROBLEMS 

The plating  process , developed in  house, for  the  successfully  soldered 
fatigue specimen was a combination of  zincating, a copper s t r ike  , copper 
plating, and tin  plating  (zincate/copper/tin) , reference Appendix C. 
(Reference  18 has a discussion o f  the above plating  technique). MCAIR 
facilities  for  plating  the  tubelmanifold subassembly were n o t  large enough. 

Local vendors could n o t  zincate/copper/tin  plate  the panel detai Is .  
However, they  could  provide an adequate nickel/copper/tin  plating on small 
coupons. Successful  in-house  soldering and testing o f  lap  shear coupons 
proved the adequacy of the ni ckel/copper/tin  plating. 

The f i r s t  tube/mani fold subassembly was nickel/copper/tin  plated and the 
panel was soldered  in a large  heat-treat  furnace  after some in i t i a l   t r a i  1 
runs had been  made t o  minimi ze panel temperature  variations. The soldered 
jo in ts  were determined, a f t e r  reviewing  the  x-rays, t o  be strength  deficient 
over  the  manifolds due to  excessive  voids.  Excessive  voids were at t r ibuted  to  
the long heating  cycle. The furnace  heat-up rate  was too slow t o  match the 
desi  red thermal cycle. I t  was decided t o  desol  der  the specimen and t o  sol  der 
i t  again  in  another f a c i l i t y .  

Several  attempts t o  reapply  the  nickel/copper/tin  plating were 
unsuccessful because b l i s t e r s  developed i n  the p l a t i n g .  Another vendor 
attempted to  plate  the p a r t s  using the  Alstan 70 process  (see Reference 18). 
In t h i s  process  the  oxides were  removed  from the a l u m i n u m  parts  in a special 
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stannate b a t h .  A bronze s t r i k e  was then applied  to  serve  as a base for   the 
t i n  plate which was electro-deposited on the unmasked' surfaces. 

Bend t e s t s  and tape  tests of plated 6061-T6 and 2024-T81 coupons 
indicated  excellent adhesion  of the  bronze/tin  plating and the 0.61 x 1.22m 
( 2  x 4 foot)  panel detai ls  were plated. Problems were encountered immediately 
w i t h  b l i s t e r s  and poor adhesion,  especially  in  the  area of the  manifolds. 
Several  unsuccessful  attempts were made t o  plate  the  parts. A hole, 
approximately .076 cm (.03 inch)  diameter, developed in one tube. I t  was 
suspected to  be a b u r n - t h r o u g h  due t o  electrical   arcing during electroplating. 
The hole was weld repaired and the  tube/manifold assembly was then  pressure 
tested. Many very  small leaks were found in  the  tubes. Most of these  leaks 
were so small t h a t  they  could  only be detected  during  pressure  test or with a 
10 power magnifying glass. In  the  process of attempting t o  weld repair 
these  leaks  the  tubes were further damaged  by thermal distortions.  The panel 
was judged unrepairable and i t  was scrapped. 

A t  the time the panel was scrapped,  the aluminum surfaces were so 
contaminated from repeated  exposure t o  chemicals that  mechanical means  would 
have  been required t o  remove  enough of the  surface t o  get down t o  a clean 
surface  for  tin  plating. Chemical attack was also blamed for  the  leaks i n  
the  tube. Subsequent  examination of the  inside of the  tubes confirmed t h a t  
corrosion due t o  exposure t o  sulfides  (probably  sulfuric  acid  entered  the 
tubes when t h e   f i r s t  leak  developed) was responsible  for  the  leaks. The 
inside  surfaces o f  the  tubes and manifolds were severely  corroded. There was 
no evidence  of  chlorides  in  the  corrosion  products or on the  corroded  inner 
surfaces.  Chlorides  could have  been present i f  the  corrosion was  due t o  
exposure t o  b r a z i n g  s a l t s .  

Detai 1 parts were fabricated  for a second actively cooled  panel. The 
detai ls  were the same as for   the   f i r s t  panel except t h a t  the  cover  skin was 
n o t  perforated  for  soldering. The tube/manifold  assembly,  outer  cover  skin, 
and outer  closure  angles were plated  using  the  Alstan 70 process.  Blisters 
developed in  the  plating over  the  manifolds. P1 ating on a1 1 other  areas 
passed the  tape peel t e s t  and was accepted. Another unsuccessful  attempt was 
made t o  plate  the  manifolds. The vendor suggested t h a t  the problem was 
probably due t o  the 4 t o  5% silicon  content of the weld f i l l e r  material i n  
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the manifold. The basic 6061 material i n  the  manifold has i n  the  order o f  1 % 
si l icon.  MCAIR decided t o  s t r i p   t he  manifolds  only and replate them as  follows: 

1. Vendor apply  a nickel/copper  plating. 
2. MCAIR Laboratory t in  plate  as done previously on the development t e s t  

coupons and  on the  soldered  fatigue  test specimens. (This was 
possible  since  only  the manifolds were being tinned and existing 
MCAIR tanks and associated  apparatus were large enough t o  do the j o b . )  

Plating  thus  applied passed the  plating  acceptance  tests and the panel detai ls  
were prepared for  soldering by MCAIR. 

During soldering,  the panel assembly was sandwiched between two 1.72 cm 
(0.50 in.)   thick  st iffened aluminum plates,   as  i l lustrated  in Figure  84. 
These thick aluminum plates were required t o  react  the 24.1 kPa (3 .5  p s i )  bladder 
pressure used t o  hold the Dee tubes  in  contact  with  the  outer  skin. A h a r d  
insulation boa rd  was provided t o  thermally  isolate  the panel from the lower 
pressure  plate. The  honeycomb core and bladder  similarly  restricted  heat 
transfer between the panel and upper pressure  plate. The panel assembly was 
heated by blowing h o t  a i r  t h r o u g h  the  tube/manifold assembly, and around the 
soldering  fixture as shown in  Figure 84. Thermocouples , located on the panel , 
were monitored and the a i r  temperature,  pressure, and  flow rate was varied 
in  order t o  achieve  the  requi  red  soldering thermal cycle. This cycle  involved 
increasing  the panel temperature from 450K (35OOF) t o  505K (450OF) i n  f ive 
minutes,  holding a t  505K ( 4 5 O O F )  fo r  two minutes , and then cooling t o  460 
(370OF) in  less t h a n  f ive minutes (reference Appendix C ) .  Examinat ion  of the 
panel after  soldering  revealed some areas were n o t  soldered, some areas had 
many voids,  soldered  joints had  very low strength,  and t h a t  extensive 
intergranular  cracking  occurred  in  the  coolant  tubes. 

E.3 EVALUATION O F  FAILURE OF SECOND PANEL 

X-rays of the second soldered assembly revealed  voids  in  the .mani fol d 
areas (5% t o  10% wetting a t  the   inlet  manifol d and 30% t o  40% wetting a t  the 
e x i t  manifold) and some unsol dered  tubes.  Pressure t e s t s  revealed  leaks 
through randomly dispersed hai rline  cracks  in  the Dee tubes.  Figure 85 shows 
the  location of the  cracks  along  the Dee tubes. Photomi crographs and metal lur- 
g i  cal  analysis of several  dissected  areas were made in an attempt t o  identify 
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t he   cause   o f   t he   c rack ing .   F igu res  86 through  92 show t h e   r e s u l t s   o f   t h i s  

a n a l y s i s .  A pho tomic rog raph   o f  a t y p i c a l   c r a c k   i n  a Dee tube i s  shown i n  

F igure  86, w i t h   t h e   r e s u l t s  of  t h e   m e t a l l u r g i c a l   a n a l y s i s  shown i n   F i g u r e  87. 

The so lder ,   wh ich  i s  91Sn-9Zn, m i g r a t e d   i n t o   t h e   c r a c k   i n   t h e   t u b e .  

Figures  88  through  90 show t h e   r e s u l t s   o f   t h e   e v a l u a t i o n   o f   t h r e e  

d i f f e r e n t   a r e a s   o f  a t y p i c a l  Dee tube  c ross   sec t ion .  As shown i n   F i g u r e  88, 

the  Scanning  Electron  Microscope (SEM) showed Area 3, t h e  f l a t  p o r t i o n   o f   t h e  

tube i n   c o n t a c t   w i t h   t h e   o u t e r   s k i n  , t o  be   cove red   w i th   so lde r .   F igu re  89, 

shows t h a t   t h e   s o l d e r   m i g r a t e d   a l o n g   t h e   t u b e   w a l l  up t o  Area 2 h a l f  way up 
the  tube.  No e v i d e n c e   o f   s o l d e r  was found i n  Area 1, as shown i n   F i g u r e  90. 

A pho tomic rog raph   o f  a c r o s s   s e c t i o n   i n   t h e   t u b e / m a n i f o l d   a r e a   i s  shown 

i n   F i g u r e  91. T h i s   f i g u r e  compares a " s o u n d "   s o l d e r e d   j o i n t   t o  an unsoldered 

j o i n t .   T h i s  was t yp i ca l   o f   seve ra l   a reas   where   poo r   so lde r   we t t i ng  was 

i d e n t i f i e d .   N o t e   t h e   s e p a r a t i o n   o f   t h e   c o p p e r   s t r i k e  a t  the  tube  boundary.  

F igure  92 shows a pho tomic rog raph   o f   t he  2024-T81 s k i n   i n  an area  where  voids 

e x i s t e d .   I n   t h i s   a r e a   t h e r e  was no  evidence o f   t h e   b r o n z e   s t r i k e ,   t i n   p l a t e  

o r   s o l d e r ,   w h i c h   i n d i c a t e d   c o m p l e t e   e r o s i o n  due t o   t h e   s o l d e r   p e n e t r a t i n g   t h e  

p l a t i n g  on t h e  2024-T81. 

As a r e s u l t   o f   t h i s   a n a l y s i s ,  it was specu la ted   t ha t   t he   p r imary  cause 

o f   t h e   g r o s s   l a c k   o f  aluminum w e t t i n g  was a breakdown o f   t h e   p l a t i n g   d u r i n g  

s o l d e r i n g .  The i n t e r g r a n u l a r   c r a c k i n g   o f   t h e  Dee tubes was a l s o   a t t r i b u t e d  

t o   t h e  bre,akdown o f   t h e   p l a t i n g ,   w h i c h   p e r m i t t e d   t h e  sol d e r   t o  come i n t o  

d i r e c t   c o n t a c t   w i t h   t h e   b a r e  aluminum. The exact  cause o f   t h e   p l a t i n g  

breakdown  and t h e   i n t e r g r a n u l a r   c r a c k i n g   o f   t h e  Dee tubes was n e v e r   i s o l a t e d .  

Severa l   a t tempts   to   dup l i ca te   the   p rob lems  w i th   smal l   subsca le   e lement  

coupons , b y   u s i n g   d i f f e r e n t   s o l d e r i n g   t e m p e r a t u r e   p r o f i l e s  and p r e s t r e s s i n g  

t h e  coupons as h i g h  as 100% o f   y i e l d ,  were  unsuccessful .  
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TABLE 1 

FACTORS OF SAFETY 

Static Strength 
Ultimate  Limit 

Factor of  Safety 
Design  Conditions 

In-Plane Axial Load 

Lateral Pressure 

1.5 1.0 

1.5(’) 1.0 Coolant Pressures 

1 .O 1 .O Temperature  Gradient 

1.0  1.0 Temperature 

1.0  1.0 Thermal Stress 

1.5  1.0 

( 1 )  Burst pressure (acting  alone)  factor  of  safety  for 
coolant passages, manifolds  and  fittings is 4.0. 
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TABLE 2 
MASS OF  FULL SCALE  PANEL  DETAILS 

Component 

Skins (2219-T87) 
Dee  Tubes (6061-T6) 
Honeycomb (5056-H39) 
Closure  Angles (221  9-T87) 
Manifolds (6061-T6) 
Splice Plates (2219-T87) 
Adhesives 
Bel lmouth 
Connectors 
Bushings/Fasteners 

Subtotal 
Residual Coolant (1) 
APS 

Total 

T Unit M ~ J S  
kgIm2 
3.77 
2.75 
1.34 
0.85 
0.69 
0.89 
2.09 
0.04 
0.01 
0.50 

12.80 

1.60 
0.39 

14.78 

Ibm/ft2 - 
( 0.77) 
( 0.56) 
( 0.27) 
( 0.18) 
( 0.12) 
( 0.18) 
( 0.43) 
( 0.01') 
( 0.01) 
( 0.10) 

( 2.62) 

( 0.33) 
( 0.08) 

P 

( 3.03) 
~ 

1 

(1 ) 60/40  MethanolWater 
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TABLE 3 
OPTIMIZED  PANEL  VARIABLES 

1.  OUTER SKIN THICKNESS 
2. INNER  SKIN THICKNESS 
3. DEE TUBE INNER  DIAMETER 
4. DEE  TUBE WALL THICKNESS 
5. DEE  TUBE  PITCH 
6. HONEYCOMB CORE DENSITY 
7. COOLANT 
8. COOLANT INLET TEMPERATURE 
9. COOLANT  OUTLET  TEMPERATURE 

10. COOLANT MASS FLOW RATE FOR PANEL 
11.  PRESSURE  DROP IN DEE  TUBES 
12. MAXIMUM OUTER SKIN  TEMPERATURE 
13. MAXIMUM OUTER SKIN DELTA TEMP. 
14. SKIN  MATERIAL 
15. TUBE MATERIAL 
16.  CORE MATERIAL 
17. ALLOWABLE STRESSES 
18.  CORE HEIGHT (between skins' centroids) 
19. APS  MASS  FOR PANEL 
20. PANEL  STRUCTURAL MASS 
21. COOLANT  INVENTORY IN DEE TUBES 
22.  OPTIMIZED  PANEL MASS (TOTAL) 

0.102 cm (0.040 in.) 
0.041  crn (0.016 in.) 
0.965  cm  (0.38  in.) 
0.089  cm  (0.035  in.) 
2.54  crn (1 .O in.) 
49.66 kg/m3 (3.1 lb/ft3) 
60/40 MethanolNVater 
256  K (0' F) 
321 K (117' F) 
2.35 kg/sec (18720 Ib/hr) 
140.7 kPa (20.4 psi) 
422 K (300' F) 
296  K (72' F) 
221 9-T87 
6061 -T6 
5056-H39 
124.1 MPa (18,000 psi) 
2.87 cm (1.13 in.) 
0.293 kg/rn2 (0.06 psf) 
7.81 kg/rn2  (1.60 psf) 
1.42  kg/m2  (0.29 psf) 
9.52 kg/rn2 (1.95  psf) 
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TABLE 4 
COMPARISON  AND RATING OF ALUMINUM  MATERIAL  CANDIDATES 

(INDEX OF 1.00 INDICATES BEST RATING) 

Disadvantages 

I - 
1.00 
1.00 

0.72 
0.92 

1.00 
0.99 

D'54 I 0'95 0'79 I Susceptible to  Corrosion. 
Exfoliation, and Stress 
Corrosion  Cracking 

at Room  Temperature. No 
Low Fracture Toughness 

lure Toughness Data 
Elevated Temperature Frac. 

Low  Initial  Strength. i.e.. 
at Low Temperatures. No 
Elevated Temperature 
Kc  Data 

at  Low  Temperatures. No 
Low  lnitial  Strength. Le.. 

Elevated  Temperature 
Kc Data 

!014-T6 

2024-T81 

2219-T6 

2219-T87 

6061-T6 

0.34 1.00 
1.00 

1.00 
I .oo 

I .oo 
1 .oo 

0.93 Good  Corrosion Resistance. 

Mechanical  Propertles 
Good Elevated Temperature 

0.85 0.97 

0.83 
0.75 

0.98 
0.98 

0.87 
0.86 

;.; 1 0.75 1 0.72 

0.82 0.82 

U.91 Stable for  Long  Time 

Temperature 
Exposure at Elevated 

0.64  0.92 

I 
1.00 0.98 

I 

1.00 0.86 
0.79 

0.98 
0.98 

0.92 
0.95 

1.00 1 0.95 

I I 
1.00 High  Fracture Toughness. 

Stable  for  Long  Time  Exposure 
to Elevated Temperature. 
Good  Corrosion Resistance ' Weldable, Property Data 

~ Temperature 
Readily  Available at Elevated 

0.80 I 0.81 
0.77 ' 0.82 

! :  

0.66 i 0.63 
0.65 

0.59 0.57 0.61 

4- , 
I 

0.47 1 00 ~ 0.85 ' High  Fracture Toughness, Low Strength. No Elevated 
Excellent  Corrosion 
Resistance 

Temperature Kc  Data I 1 .oo 
1 .oo 

0.87  0.59 ~ 0.51 0.54 
0.85 i I 

-1 , 
17075.T6 I 0.91 0.60 1 0.76 0.55 ~ 0.60 ' 0.62 

0.84 0.82 0.80 
I I 

1 ! 

i- 
0.97 
0.98 1 0.35 0.91 0.6J 

I I 

0.84 0.39  0.40 
0.95 , 

I !  

Susceptible to Corrosion. 
Exfoliation.  and Stress 
Corrosion Cracking. Low 
Fracture Toughness. Temp- 
erature  Limited. No Elevaled 

I Temperature K, Data 

17475.T761 ~ 0.78 I 0.89 
I 

' Elevated Temperature Kc  Dal 
Temperature  Limited. No 

I I I  lndox vatmng hughsrl value #nd#catsr bell r a t m g  



TABLE 5 
MECHANICAL  AND  THERMAL  PROPERTY  DATA FOR 

ADHESIVES  AND LOW TEMPERATURE  SOLDER 

Bonding 
Material 

Exposure 

Time K (OF) 

Test Temp 

K (OF) 

Peel  Strength 

kN/m (Ibf/in.) 

FM-400 (1 1 

FM-400 Paste (5) 

10 min a t  218 (-67) 
18 hrs a t  458 (365) 
18 hrs at 458 (365) 
3 hrs at 489  (420) 

None None I 297 ( 75) 

297 ( 75) 
458 (365) 
489 (420) 

297 ( 75) 

218 (-67) 
3.3  (19.0) 

1.3 ( 7.2) 
- - 

0.88 ( 5.0) 

Eccobond 58C 

Eccobond 58C 

None 

297 ( 75) None 
297 ( 75) None 

297 ( 75) 

10 min a t  366 (200) 366 ( 200) 
3 hrs a t  366 (200) 366 ( 200) 

18 hrs a t  366 (200) 366 ( 200) 
10 min a t  422 (300) 422 ( 300) 

0.18 ( 1.0) 
0.18 ( 1.0) 
0.18 ( 1.0) 
- - 

Eccobond 58C (5) 
(5% Diluent, AI. Screen) 0.35 ( 2.0) 297 ( 75) None 

Eccobond 58C (5) 

Eccobond 58C (51 

0.26 ( 1.5) 297 ( 75) None 

I 
. .  

(5% Diluent, I None I 297 ( 75) 0.44 ( 2.5) 
Nylon Scrim) I 

I Eccobond 58C (5) 
(25% Diluent) 1 None I 297 ( 75) I 0.26 ( 1.5) I 

I (91% Sn + 9% Zn) 
Low Temp Solder None 

- - 375 1215) None 
- - 350 (170) None 

3.5 (20.0) 297 ( 75) 

Shear  Strength 

MPa (ksi) 
23.7 (3.44) 
24.6 (3.56) 
27.8 (4.03) 
21.2 (3.08) 
12.6 ( 1.82) 

22.9 (3.32) 

3.4 (0.50) 

8.6 (1.25) 
11.4 (1.65) 
11.4 (1.65) 
13.9 (2.02) 
12.9 (1.87) 
11.9 (1.73) 
6.1 (0.88) 

11.7 (1.70) 

14.4 (2.09) 

13.2 (1.91) 

- - 

19.6 (2.84) 
13.3 (1.93 
9.0 11.31) 

Thermal 
~ Conductivity 

0.37 (2.6) 
0.37 (2.6) 
0.37 (2.6) 
0.37 (2.6) 

' 0.37 (2.6) 

1.89 (13.1) 

1.24 (8.6) 
28.83 (200)  (3) 

1.08" (7.5)" 
1.08" (7.5)" 
1.08" (7.5)" 
1.08" (7.5) * 
1.08" (7.5)" 

3.17 (22.0) 

2.22 (1 5.4) 

0.59 (4.1) 

NOTES: 

(1)  Peel and shear strength data generated  in-house 

(2)  Peel and shear strength data generated  in-house 

(3)  This value of  thermal  conductivity  obtained  from  technical  bulletin  3-2-5A. 

Eccobond solder 58C.  Emmerson  and  Cuming,  Inc..  Dielectric  Materials 

Division,  Canton, Massachusetts, January  1,  1966. 

(4) All other  data  were  generated  during  this  program. 

( 5 )  The  addition of the  methyl  ethyl  keytone  diluent,  the  aluminum screen, 

and  the nylon scrim cloth  in  the adhesive was an  attempt  to  reduce  and/or 

control voids in  the adhesive and  thus  improve i ts  thermal  conductivity 

and  its  peel  strength. 
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TABLE 6 
SKIN/COOLANT PASSAGES JOINT  MATERIALS  CHARACTERISTICS 

Bonding 
Media 

Full Scale Panel 
Design Values 

Eccobond 58C 

5% Diluent 58C 

5% Diluent 58C 
Nylon Scrim 

5% Diluent 58C 
Aluminum Screen 

Eccobond 56C 

Thin FM-400 
Film Type 

FM-400 Paste 
Aluminum Screen 

Low Temp Solder 
(91 % Sn + 9% Zn) 

Bondline 
Thickness 

cm (in.) 

0.0150 (0.006) 

0.0254 (0.010) 

0.0254 (0.010) 

0.0229 (0.009) 

0.038 (0.01 5) 

0.0254 (0.010) 

0.0130 (0.005) 

0.0380 (0.01 5) 

0.0254 (0.010) 

Thermal 
Conduttivity 

2.88 (20.0) 

1.08 ( 7.5) 

2.22 (1 5.4) 

0.59 ( 4.1) 

3.1 7 

1.24 

0.37 

(22.0) 

1.88 (1 3.06) 

B57.65 (>400) 

Interface  Skin Temperature 
Conductance I Manifold/Skin 
-~ 
n2 kW K ( hr-ft2-OF Btu )I K 

18.9 ( 3,333) 

4.25 ( 750) 

8.74 ( 1,540) 

2.58 ( 456) 

8.34 

4.88 

2.95 

4.95 ( 871) 

227 (40,000) 

37414 16 

4001489 

3831441 

4161553 

3831442 

3941478 

41 1 1533 

3931474 

<3661396 

(2141290) 

(2601420) 

(2301335) 

(2901535) 

(230/335) 

(2501400) 

(2801500) 

(2481393) 

K2001254) 

66 



TABLE 7 
COMPARISON OF COOLANT PROPERTIES - 60% AQUEOUS SOLUTIONS OF 

METHANOL  AND  ETHYLENE  GLYCOL 

Coolant Property 

I 

II 

Ill 

IV  

V 

VI 

VI1 

V l l l  
I X  
X 
XI 

Temperatures, K (OF) 
Normal Inlet 
Normal  Outlet 

0 Freezing Point 
Boi l ing  Point   at  101.3 kPa (14.7 psia) 

Pressures,  kPa (psi) 
AP of Panel 
Normal Maximum 
Normal  Minimum 
Vapor Pressure a t  Tout 

Flammability, K (OF) 
0 Flash Point (Open  Cup) 

Autoignition 
Toxicity(’) 

Single  Oral LD50 Dose for Rats 

0 Repeated  Oral Feeting  (Rats),  Acceptable Level in 

Single Skin  Penetration LO50 Dose (Rabbits) 
Single Inhalation  Concentrated  Vapor  (Rats 

Diet and Duration(’) 

Primary  Skin Irritation (Rabbits) 
Eye Injury (Rabbits) 

S~ffocat ion,(~) kPa (psia) 
Potential a t  300  K (8OoF) 

Material  Compatibility 
Aluminum 
Braze Material (Aluminum) 
Elastomers 

Lubricity  (at Normal Inlet Temperature) 
Thermal Expansion;  per K (OF) 

Relative Leakage Factor 
Development  Status 
Availability 

(1) Toxic i ty  

Methanol 

256 (0) 
321  (117) 

199 (-101) 
348 (1 66) 

185 (26.9) 
552  (80) 
345  (50) 
32 (4.7) 

289 (61) 
743  (878) 

Slight Hazard 
(1 2.9 gm/Kg) 

- 

Slight Hazard 
Slight Hazard 

(Killed None of 6 in 4  hrs; 
5 of 6 in 8 hrs) 

(No  More Severe Than 
Liquid Hand  Soap) 

- 

12.4  (1.8) 

Requires Inhibitor 
Requires Inhibitor 

OK 
5.4  cps 

0.001  19  (0.00066J 
1 .oo 

Developed 
Readily  Available 

Ethylene 
Glycol 

283 (50) 
323  (122) 

384  (231) 
289  (-60) 

410 (59.4) 
758  (110) 
345 (50) 

0.14  (0.02) 

389  (240) 
749  (888) 

7.4 ml/Kg 

0.18 gmlKglDay 
(30 Days) 
>20 ml/Kg 
8  hrs Killed 
None of 6 

None 
None 

=0.014  (0.002) 

Requires Inhibitor 
Requires Inhibitor 

OK 
7.3  cps 

0.001  15  (0.00064) 
1.20 

Developed 
Readily Available 

0 The  term L D 5 0  refers to that  quanti ty of chemical  which  kills 50 percent of dosed  animals 
wi th in  14 days. For  uni formity,  dosage is  expressed in grams or  mil l i l i ters  per  kilogram  of 
body  weight. 

Single  skin  penetration  refers t o  a 24 hour  covered  skin  contact  with  the liquid chemical. 

0 Single  inhalation  refers to the  continuous  breathing  of a certain  concentration  of  chemical 
for  the  stated  period of time. 

0 Primary  irritation  refers to the  skin response 24 hours  following  application  of 0.01 m l  
amounts to uncovered  skin. 

Eye injury refers to surface  damage produced by the liquid chemical. 

(2) Methanol is commonly  labeled as a poison for  statutory reasons even though it does n o t  meet 
the  definit ion of a poisonous substance. This  practice  results  form  the  too  common  and ill- 
advised use of  methanol  for beverage purposes. 

(3) Vapor pressures  above 17.2 kPa (2.5 psia)  are unsafe. 
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TABLE 8 
FULL SCALE PANEL  COMPONENT STRESS LEVELS 

I Panel Location I ComponentIStress 
Loading MPa (ksi) 

Over Frame Inner S k i d l  18.0 (17.1) 
Between  Frames  Dee TubeA59.0  (23.0) 

I Plus Temp I I 

2!*! Nx 
+ Inner Skin/-188.0 (-27.0) Over Frame 

Plus Temp 

12 1 Over  Frame Dee Tube/l59.0 (23.0) 

Plus Temp 

D 

Over  Frame Outer Skin/-225.0 (-32.0) 
Between Frames Stability/--134.0 (-19.5) 

I Plus Temp 

Note: 1. N, = 0.210 M N / m  (1200 lb/in.), p = 6.9 kPa (1.0 psi) [Limit Loads] 
2. Limit stresses shown  for crack growth  failure  mode 
3. Ultimate stresses shown  for  face sheet wrinkling  failure  mode 
4. Ultimate average stress shown  for  beam  column  failure  mode 
5. Minus  Indicates Compression Stress 

Critical Mode 

Crack Growth 
Crack Growth 

Face  Sheet Wrinkling 

Crack Growth 

Face  Sheet Wrinkling 
Beam Column 

124.0 (18.0) 0.05 
159.0 (23.0) 0.00 + 
250.0  (36.311  0.33 

159.0 (23.0) 0.00 

I 
292.0 (42.4). 0.30 
135.0 (19.6) 0.00 

I 
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TABLE 9 
TEST  RESULTS FOR SOLDERED LAP  SHEAR COUPONS 

Specimen Temp Fatigue 
Loading 

Number kN K (OF) (Ibf) 

I 1 I297 ( 75) I O  to 3.25(730) 
2 

350 (170) 5 
350 (170) 4 
297 ( 75) 3 
297 ( 75) 

1 t r  
I 6 350 (170) 0 to 3.25(730) 

Cycles to 
Failure 

36,220 
58,260 
56,340 
72,250 

96,010 

20,000(’~ 

Static 
Load 

kN (Itif) 
Comments 

- 
Skin Failed a t  Solder Fillet - 
Skin Failed a t  Loading Hole 

Skin Failed a t  Solder Fillet - 
Skin Failed a t  Loading Hole - 
Skin Failed a t  Solder Fillet - 

12.88 (2895) Shear Failure in Solder 

Note: 1. Fatigue  testing  stopped  after 20.000 cycles and  static tested to  failure. 

(1.5 in.) 
Perforation (one  sheet) 

2.54 cm 
(l.oin.1 0 

o o o o d  
0 0 0 0  0 0 
0 0 0 0 0  - 

‘ I  21.59 cm 
(8.5  in.) 

Solder 
I I I 
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TABLE 10 
SUMMARY OF PANEL PRESSURES 

Parameter 

Coolant  Temperature 

In 
o u t  

Pressure Drop 

Inlet  Manifold 
Panel 
Exit  Manifold 

Total 

Coolant Pressure 

In 
out  

Mean Flow Deviation 
L 

Units I Full - Scale 
Panel 

K (OF)  

kPa  (psi) 

283.3  (50) 
332.7  (1  38) 

46.7  (6.8) 
234.4  (34.0) 
28.9  (4.2) 

310.0  (45.0) 

kPa  (Psi) I 
654.7  (95.0) 

k 1.2% 

Ethylene  GlycolhVater (60/40) by Mass 
rhc = 3234 g/s (7.13 Ibm/sec) 

Test  Panel 
Simulated 

Test  Panel 

Exit Inlet 
Simulated 

283.3  (50) 
332.7  (138)  293.5  (68.3) 
322.7 (1 20.9) 

46.7  (6.8) 
49.6  (7.2) 

31 .O (4.5) 

28.9  (4.2)  42.7  (6.2) 
37.9  (5.5) 

139.0  (20.2) 97.8  (14.2) 

654.7  (95.0) 
515.7  (74.8) 

442.5  (64.2) 

k 5.0% k 4.2% 
344.7  (50.0) 
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i-6.89 kPa 

Distributed 

W Iv V 

(21.0  psi) Uniformly O s 6 ’  

(2.0 f t )  

k210 kN/m 
(2 1200 Ibfhn.1 (2 1200 Ibf/in. 

(2.0 ft) 
TY P 

FIGURE 1 
FULL SCALE PANEL  DESIGN LIMIT LOADS 



Selected 

Concept 

/ ////A 4 /. 

2 Tube - Honevcomb 

". ~ . 

Plate Fin-Stringer 

@ w@G- 

Skin-Strinqer 

1 .o 

f//////////// 

1.2 

Relative Mass 
/ 

/ 

1.3 

(Mass  Components Are  Coolant And Structural Elements) 

FIGURE 2 
RELATIVE MASS OF ACTIVELY COOLED  PANEL CONCEPTS 
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Adhesively  Bonded 
Aluminum Honeycomb 

Sandwich  Panel 
0.61 x 6.1 m (2 x 20 ft) 7 A ’9 y 

h 

Fuselage  Frames 
a t  0.61 m (2.0 ft) 

Flow 
Coolant Manifold 

Transverse Splice 

SECTION A-A IS SHOWN ON FIGURE 47 

SECTION  B-B IS SHOWN ON FIGURE  48 

SECTION C-C IS SHOWN ON FIGURE  8 

FIGURE 3 
ILLUSTRATION  OF  FULL SCALE ACTIVELY COOLED  PANEL  DETAILS 
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I 

,-Solder (between tube and skin) 

1. 

2. 

221 9-T87 Concept 
WSTR = 8.01 kg/m2 

221 9-T87 Skins, 6061 -T6 
Dee Tubes, 5056-H39 
Aluminum  Honeycomb 

(1.64 Ibm/ft2) 

0.1 20 cm 
(0.040 in.) 

2.54 cm 
(1.00 in.). 

I 

FM 404 foaming 
adhesive (between 
Honeycomb and 

L 
t 
L 

curved part of 
tube) 

1 

f Honeycomb 
0.041  cm PC = 49.7 kdm3 FM-400 adhesive 

(0.016  in.) (3.1 Ibrn/ft3) (between skins  and 
Honeycomb) 

FIGURE 5 
DETAILS  OF  FULL SCALE PANEL SKINS, TUBES AND  HONEYCOMB  CORE 
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J Coolant 

Manifold  Cut-Away to 
Reveal Internal  Details 
and  Coolant Flow Path 

Section A-A 

FIGURE 6 
ACTIVELY COOLED  PANEL MANIFOLD 



n 0.33 cm 

W 
Tube  End Plug 

/ !  

1.14  crn 
(0.45  in.)  0.089 crn 

(0.035  in.) 

0.48 crn 
(0.19 in.) 

Dee Tube 

See fig 13 for more 
Dee tube details 

2.54 crn 
(1.00 in.) 

t 

se 0.533 crn 
(0.190  in.) 

2.26 crn 
(0.89 in.) 

6.35crn 
(2.50 in.) I 

i 
FIGURE 7 

DEE TUBE/MANIFOLD  JOINT  DETAILS 
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Titanium Yi-Lok 

\ 
I 

" 2.87 cm 
(1.13 in.) 

Honeycomb 
Core 

I 2.54 cm 
( 1  .O in.) 

- 
(Section C-C from 

View S 

FIGURE 8 
INTERMEDIATE  FRAME  ATTACHMENT 
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Lateral 
Splice Plate 

221 9-187 /- 
t = 0.254 cm 

(0.10 in.) 

"""_" 
0.477  cm Dia I 

(0.156 in.-)J 

FIGURE 9 

Sub-Flush 
Doubler 

t = 0.1 78 cm 
221  9-T87 

(0.070 in.) 

Manifold Lip 
randlor Frange 

- 
i 

5.97 cm 
(2.35 in.) : 3.43 crn Typ 

(1.35 in.) 

- Longitudinal 
Splice Plate 

t = 0.1 27 cm 
(0.050  in.) 

221  9-T87 

PANEL CORNER DESIGN 
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router skin 
Dee  tube:  Diameter,  wall 
thickness,  and pitch 

Honeycomb core 
density  and  height Inner skin 

FIGURE 10 
PANEL  OPTIMIZATION  VARIABLES 
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IXED:  Tc P I  <P2<P3 

ATol < AT02 < AT03 

Structural 
materials 

and 
possible 
coolants 

to, 1 

Outer  skin  thickness, to 
1 

Tube  pitch, P Inner  skin  thickness, t, 

STEP 1 - Material identification STEP 2 - Preliminary  sizing 
relations 

STEP 3 - Structural mass sensitivity 

FIXED: to, P , D FIXED: to, P , D , T M ~ D  

1 - MethanoliWater 
2 - Ethylene-Glycol/Water 
3 - Propylene-GlycoliWater 

-3 

-2 

"-1 

Coolant inlet 
temperature 

VI 
VI 

Structure z - 
al 
C 

h 

Outer  skin  temp., T M ~ D  Outer  skin  thickness, to 

STEP 5 - Panel mas sensitivity STEP 6 - Mass sensitivity to skin 
to outer  skin  temp. thickness  and tube dia. 

STEP 4 - Coolant mass 
Sensitivity 

FIGURE 11 
OPTIMIZATION PROCESS 



Skin/Dee  tube/Manifold Specimen  Corner  Splice  Specimen 
(Inner  Skin and  Honeycomb (Outer Skin  Side, View 
Removed) Rotated) 

FIGURE 12 
FATIGUE SPECIMENS ARE  DESIGNED  TO  EVALUATE  THREE  AREAS 

OF FULL SCALE PANEL 



Theoretical Tube 

0.1  27  cm 
(0.050 in.) 

0.089  cm 
(0.035 in.) 0.533 cm 

\ 
Actual Tube 

(0.190 in.) 

0.365 cm2 = Aftow = 0.387 cm2 
(0.0566  in.2) (0.060  in.*) 

(0.0365 in..*) (0.0377  in.2) 
0.031 cm4 = ltube = 0.031 cm4 

(0.000745 in.4) (0.000747 in.4) 

0.235 Cm2 = &be = 0.243 cm2 

(0.210 in.) 

FIGURE 13 
DEE  TUBE  FORMING  PROCEDURE  AND  SIZE 
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STEP 3 STEP 1 
Weld  Braze 1 

JI 

v c I \ 
I STEP2 \ 

? 
Weld (typ) 

FIGURE 14 
MANIFOLD/TUBE  ASSEMBLY  WELDING SEQUENCE 
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Perforation holes for outgassing 
during soldering. (Not used in 
2nd test panel attempt) 

. . ... 

FIGURE 16 
SKIN/DEE  TUBE/MANIFOLD SPECIMEN 

(SOLDERED SPECIMEN) 



(See figure 9 for details) 

/- Sub-f lush 
doubler 

' Boiler  plate 
fasteners 



25.35  kN 
(5700 Ibf) 

13.8  kN 
(3100 Ibf) 

FIGURE 18 
FATIGUE SPECIMEN TEST LOADS 
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Support  Frame\ A f &$er 
(Three Places) h (Two Places) 

0.61 m 
(24.0 in.) 

Transverse 
Splice  Plate 

T i tan ium Links 

Insulat ion 

FIGURE 19 
ACTIVELY  COOLED  TEST  PANEL, SUPPORT FRAMES, AND  LOAD ADAPTERS 
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Material 
Density 

Mg/m3 (Ibm/in.f) 

I.  2014-r6 2.80 (0.1 01 
1 2.  2024-7-81 2.77 (0.100) 
2 3. 2219-7-6 2.82  (0.102) 

7 
4. 2219-T87  2.82 (0.102) 
5. 6061-T6 

4 
2.71 (0.098) 

6.  7075-7-6  2.80 (0.1 01 
7. 7475-7-761  2.80  (0.101) 

10,000 Hours Exposure 

3 

5 

6 

I I 
300 400 

~~~~ 

500 
Temperature - K 

0 100 200 300 400 500 600 

Temperature - OF 

FIGURE 20 
ALUMINUM  ULTIMATE  TENSION  EFFICIENCY vs TEMPERATURE 
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I 

6 

1 
2 

7 

4 

3 
5 

I I I 5 
I I I 

300 400 500 
Temperature - K 

I 1 I I I I 1 
0 100 200 300 400 500 600 

Temperature -OF 

FIGURE 21 
ALUMINUM  TENSION  YIELD  EFFICIENCY vs TEMPERATURE 
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I Density I Mglm3 (Ibmlin?) I Material 

L 
1. 2014-T6 
2. 2024-T81 
3. 2219-T6 
4,  221 9-T87 
5. 6061-T6 
6.  7075-T6 
7. 7475T761 

~ 2.80 
2.77 
2.82 
2.82 
2.71 
2.80 
2.80 

10,000 Hours Exposure 

(0.1 01 
(0.1 00) 
(0.102) 
(0.1 02) 
(0.098) 
(0.1 01 ) 
(0.1 01 ) 

1 I I 
300 400 500 

Temperature - K 

0 100 200 300 400 500 600 
Temperature - O F  

FIGURE 22 
ALUMINUM COMPRESSION YIELD  EFFICIENCY vs TEMPERATURE 
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Material 
Density 

Mg/m3  (Ibmlin3) 

1.2 

1 .o 

0.8 
r' 

,Q 

.- 
0 

W 

2 
.z 0.6 

zl 

E 
Gi 

C 

LC 
.- 

al 
v) 
v) 

c 

0.4 

0.2 

0 

2014-T6 
2024-T81 
221 9-T6 
2219-T87 
6061-T6 
7075-T6 
7475-T761 

2.80 (0.1  01 
2.77 (0.100) 
2.82 (0.1  02) 
2.82 (0.1  02) 
2.71 (0.098) 
2.80 (0.1  01 1 
2.80 (0.1  01 1 

10,000 Hours Exposure 

221 9-T87 
221 9-T6 

4 7075-T6 

Y> 606 1 

I I I 
300 400 500 

Temperature - K 

0 100 200 300 400 500 600 
Temperature - OF 

FIGURE 23 
ALUMINUM STIFFNESS  EFFICIENCY vs TEMPERATURE 
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3.0 

300 400 
Temperature - K 

Material 
Density I Mglm3 (Ibm/in3) 

1. 2014-T6 2.80 (0.1 01 1 
2. 2024-T81 2.77 (0.100) 
3. 2219-T6 2.82 (0.102) 
4. 2219-T87 2.82 (0.102) 
5. 6061-T6 2.71 (0.098) 
6. 7075-T6 2.80 (0.1 01 ) 
7. 7475-T761 2.80 (0.101) 

~ ~~ 

10,000 Hours Exposure 

500 

0 100 200 300 400 500 600 
Temperature - Fo 

FIGURE 24 
ALUMINUM CRIPPLING  EFFICIENCY vs TEMPERATURE 

94 



-1 O3 1.6C 

1.55 

1.5c 

- 1.4E 

iz 
mi 

E 
a 1.4C 
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- 0- 
0- 

m 1.3E 9 
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m 
2" 
W - >: 2 1.30 
W 
0 
.- .- 
z 
.f 1.25 

LC 

cn 

"y 
C 

- 
.- 
2 
4- 
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v) 
W 
0 m 

-LL 

2 1.2c 

1.15 

1.1c 

1 .OE 

103 I Density I Malm3 (Ibm/in31 
Material 

1. 2014-7-6 2.80 (0.1 01 1 
2. 2024-T81 2.77 (0.100) 
3. 2219-T6 2.82 (0.1 02) 
4. 2219-T87 2.82 (0.102) 
5. 6061-T6 2.71 (0.0981 

7. 7475-7-761 

10 Hours Exposure 

" . I 
300 400 500 

Temperature - K 
I I I 
0 100  200  300 400 500 600 

I 

Temperature - O F  

FIGURE 25 
ALUMINUM  FACE  SHEET  WRINKLING  EFFICIENCY vs TEMPERATURE 
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10-6 

2E 

Y 2E 

\ 
E 
E 

- e  
C 
0 

C 
In 
m 

.- 

2 24 
w 

- 0  
*.' 
C 
a, 
0 

LC 

.- .- 
LC 
LC 
a, 

8 22 

20 

10-6 

~ Material 

1. 2014-T6 
2. 2024-T81 
3. 2219-T6 
4. 2219-T8J 
5. 6061-T6 
6. JOJ5-T6 
7. 7475-TJ61 

Density 

(0.1 02) 
(0.098) 

2.80 (0.1 01 I 
2.80 (0.1 01 I 

300 400  500 
Temperature - K 

0 100 200 300 400 500 600 
Temperature - OF 

FIGURE 26 
ALUMINUM  COEFFICIENT  OF  EXPANSION vs TEMPERATURE 
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063 ir - 

- 
114-1 

Material Thickness 

0.101 cm 
(0.040 in.) 

2024-T81 I 
0.081 crn 
(0.032 in.) 

22 

0.081 crn 
(0.032 in.) 

FIGURE 27 

157 CI 

062 i r  
- 

- 
19-TI 

m 

1.) 

4 

0.16 crn 

063 il - 

- 
161 -1 
I 
-6 

0.16 cm 
063 ir - 

- 
175-1 
L 
'6 
- 

7 

0.16 crn 
(0.063 in.) 

I 
4: 

ALUMINUM STRESS INTENSITY, Kc AT ROOM  TEMPERATURE 
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10.01 

I ,ooa 

- 
0 
0, 

\ 
k 
'5 100 

2 
c- 

C 

U 
m 

10 

1 .o 

250 - 

Stress Ratio R = -1.0 
Temperature T = Room  Temperature 

- 

- 

- 

I 
6 10 20 30 50 100 200 

AK, MPa 6 
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___ ~~ 

FIGURE 28 
COMPARISON OF  CRACK  GROWTH  RATE vs STRESS INTENSITY  RANGE 
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80 r 500 t R =-1 
T = 422 K (3OOOF) 

I 

300 

* O ; L  

100 

2219-T87  KT = 1 

221  9-T87 KT 4.4 I- "I I I I 

1 10 100 1,000 
Cycles - thousands 

FIGURE 29 
MAXIMUM  FATIGUE STRESS vs CYCLES TO  FAILURE 
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I. / 

2024-T81 

! I \  
. \  

A t  20,000 Cycles 
At  R -1 

- - -Room Temp. 

422 K (30OoF) 

I -  

I -  

I -  

I 
0 2 4 6 8 10 12 

KT KT 

FIGURE 30 
ALLOWABLE  TENSION STRESS vs STRESS CONCENTRATION  FACTOR 
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120 :.I[ 110 

$. 90 100 

I- -Scatter Band 

c 0 Test  Result 

100 200 300 
Test  Temperature - K 

400 

-400 -300 -200 -1 00 0 100 200 300 

Test  Temperature - OF 

FIGURE  31 
CRITICAL STRESS INTENSITY, Kc, RANGE FOR 2219-T87 

AND  ESTIMATED Kc FOR  2024-T81 
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Crack One Side of Hole 
R = -1.0 

2.4 - 

2.0 - 
.- i 
$ 1.6 - '' m 
K 5- 
4 
5 1.2 

m 
K 

- 3 
0 
E 

E 
Y 
0 

0.8 - u 

0.4 - 

0- 

Load Cycles x lo3 

FIGURE 32 
COMPARISON OF 2219-T87  AND  2024-T81  FACE  SHEET  CRACK  GROWTH 
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2500 r 
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2000 - - 
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5 1500 
>. 
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Ethylene  Glycol/Water 
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.- 
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500 

LPropylene  GlycolIWater 
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Coolanol 15 and  MethanolIWater 
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- 01 I I I I 
225 

~. ”~ 

2 50 27 5 300  325 350 
Coolant Temperature - K 

I I I 1 
-50 0 50  100  150 

Coolant Temperature - OF 

FIGURE 33 
COOLANT  DENSITY vs TEMPERATURE 
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5000 - 

1/ 
Water 

I" """""I- 

Ethylene  Glycol/Water (60/40 by Mass) 

MethanoVWater (60140 by Mass) 

\Cooland 15 
FC-75 

1000 - 

Freon 1 1482 

01 I I I 
225 I 

2 50 275  300  325  350 I 
Coolant  Temperature - K 

I 
-50 J I 

0 50 100 150 I 
Coolant Temperature - OF 

FIGURE 34 
COOLANT  SPECIFIC  HEAT vs TEMPERATURE 
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FIGURE 35 
COOLANT  THERMAL  CONDUCTIVITY vs TEMPERATURE 
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10,000 r lor 
Propylene  Glycol/Water (60/40 by Mass) 

1,000 r Ethylene  Glycol/Water (60/40 by Mass) 

Methanol/Water l60/40 by Mass) 

Coolanol 15 

In 8 10-2 
In 

FC-75 

10-3 - 
Freon  11482 -* 

I Water J 

10-41 I I I I 
225  250  275 300 325 350 

Coolant  Temperature - K 

-50 0 50 100 
Coolant Temperature - O F  

150 

FIGURE 36 
COOLANT  VISCOSITY vs TEMPERATURE 
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FIGURE 37 
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For ATo< 311 K (lOO°F),ThlllD < 422 K (30OoF) 
Tci = 283 K (50°F) 

0 V a t  Ex it = 3.05 m/sec (1 0 ft/sec) 

0 4 = 136 k w h 2  (12  Btu/ft2sec) 

Propylene Glycol/Water  (60/40 by Mass) 
0 64 K (1 15OF) Rise in Coolant Temperature 

0 6.1 m  (20  ft) Panel 

0 Aluminum (k= 132  W/m-k;  920  Btu-in./hr - f t2  - OF) 1- p-l 
0.07 

0.06 

'T 0.05 
c 

4- 

VI 
VI 
W 

Y 
c 

1 
0 

0 

.- 
I- .= 0.04 
Y 
WJ 

.- 
L 

4- 
a, 

5 
0.03 

0.02 

0.01 

- 0.18 

- 
0.15 

E 
- 0  

4- 0.12 
0 

VI 
VI 
W 

Y 
c 
0 
1 
.- 

-I- 

Y 
c 

WJ 

.- 

4- 
& 0.09 

5 
- 

0.06 

- 

0.03 
- 

AT, = 28 K 42 K 56 K 
(5OoF) (1OOOF) 

# '  

i 
0.18 

0.15 

0.12 

0.9 

0.6 

0.3 

1.5  2.0 2.5 3.0  3.5 4.0 
Tube  Pitch, P - cm 

I I I I I 
0.6 0.8 1 .o 1.2 1.4 1.6 

Tube Pitch, P - in. 

FIGURE 38 
OUTER  SKIN  THICKNESS  AND  TUBE  DIAMETER 

vs TUBE  PITCH 
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12 

11 
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0 
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Propylene GlycolNVater (60/40 by Mass) 
e FI , Fo = 186.2 MPa (27,000 psi) 
e TMID Q 422 K (300OF) 
e Tube wall thickness = 0.089 crn (0.035 in.) 

L- P = 3.56  (1.40) 
D = 1.06  (0.416) 

D = 1.06  (0.416) 

>// 
P = 3.05  (1.20) 
D = 0.98  (0.386) 

/ 
4' 

P = 2.54 (1 .OO) 
D = 0.89  (0.352) 

I I 1 I I I 
0.05 0.10 0.15 0.20 0.25 0.30 

Outer Skin Thickness, to, crn 

0 0.01 0.02 0.03  0.04 0.05 0.06 0.07 0.08  0.09  0.10  0.1  1 

Outer  Skin Thickness, to, in. 

FIGURE 39 
STRUCTURAL  UNIT MASS vs OUTER SKIN THICKNESS 
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F, , Fo = 186.2 MPa (27,000  psi) 
pCORE = 49.7  kg/m3  (3.1 lb/ft3) 
P = 2.54 cm (1  .O in.) 

D = 0.96  cm  (0.38  in.) 
to = 0.10 cm  (0.040  in.) 

- 

/ 
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I 
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Inner  Skin  Thickness, tI , cm 
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FIGURE 40 
STRUCTURAL  MASS vs INNER  SKIN  THICKNESS 
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15.2  crn (6 

30.5 crn (1 i n . ) T &  2 in.) L (24  61 crn in.) 

6.1 rn 
(20  ft) 

Includes  Coolant Property Variations with Temperature 
Laminar, Turbulent, and Transitional Heat  Transfer of Coolant,  and 
Pressure Drop 

crn (6 in.) 

FIGURE 41 
TUBE/SKIN  THERMAL  MODEL USED IN  COOLANT  EVALUATION  ANALYSIS 
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I Opt imum Value 

Coolant* I Ti Flow Rate 

I 1 I I 

Ethylene-Glycol I 283 I 50 I 164 I 1300 

Propylene-Glycol I 289 I 60 I 224 I 1780 

Pressure Drop 

*r 
60140 CoolanthVater 
(By Mass) 

Note: 
Tube  Diameter = 0.97 cm  (0.38  in.) 
Skin  Thickness = 0.10  crn  (0.0375  in.) 
Panel Length = 6.1 rn (20  f t )  

6O% Aqueous Solution*  by Mass: Design Heat  Flux = 136  kW/rn2  (12  Btu/ft2 sec) 
Pitch = 2.54  crn  (1.0  in.) 

- Ethylene  Maximum  Structural  Temperature = 422 K (30OOF) 
Glycol 2 Propylene 

Glycol 

- 
3.71 kg/rn2  (0.76  Ibrn/ft2) 

t 2.34  kg/rn2  (0.48  Ibrn/ft2) 

1.56  kg/rn2  (0.32  Ibm/ft2) 

0.78  kg/rn2  (0.16  Ibrn/ft2) 

'225 250 27 5 300 325 
Inlet Coolant Temperature, Ti - K 

I I J 

I I I I I I 
-50 -25 0 25 50 75 100 

Inlet Coolant Temperature, Ti -OF  

Coolant Mass = APS Plus Coolant Inventory 

FIGURE 42 
METHANOL/WATER  COOLANT  MINIMIZES  FLUID  PENALTY 
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L l n n e r  Skin  (Adiabatic Backside) 

FIGURE 43 
ELEMENTS  INCLUDED IN PANEL  THERMAL  MODEL 
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0 E 
2 * 350 
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I 
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I- 
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2 
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100 - 

300 

50 - 

0- 

Methanol/Water (60/40 by  Weight) 
Coolant  Inlet  Temperature of 2 5 6  K (OOF) 
Design Flow Rate of 98.4 g/s (780  Ib/hr) per  Tube 
P = 2.54 crn (1.0 in. H = 2.95  cm (1.16 in.) 
D = 0.965 cm (0.38 in.) tl = 0.041 cm (0.016 in.) 
to = 0,102 cm (0.04  in.) L = 6.1  m (20 f t )  

20 40 60 
X/L, Percent of Panel Length 

(From  Inlet  Manifold) 

80 100 

FIGURE 44 

INLET  MANIFOLD 
ACTIVELY COOLED  PANEL  TEMPERATURES vs DISTANCE  FROM 
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Notes: 
2219-TS7  Skins 
to = 0.102 cm (0.04 in.) 

P = 2.54 cm (1.0 in.) 
0 = 0.965 cm (0.38 in.) 
60%/40%  MethanoVWater 

Structure  (Inner and Outer Skins, 
Tubes,  Honeycomb) 

Coolant 
Inventory 

32  5  350  375 400 425  450 
Outer Skin Temperature, TMID, K 

100  150 200 250  300  350 
Outer Skin Temperature, TMID, O F  

FIGURE 45 
SENSITIVITY  OF  ACTIVELY COOLED  PANEL MASS TO 

MAXIMUM  OUTER  SKIN  TEMPERATURE 
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P = 2.54 cm ( 1  .OO in.) Tma, = 422 K (3OOOF) Tci = 255 K (OOF) 

- Methanolwater Material 2219-T87 

- 

I I  I "I 
0.050  0.075  0.100  0.125  0.15 

.Outer Skin Thickness, to - cm 

I I I I 
.0.020 0.030 0.040  0.050  0.060. 

Outer Skin Thickness, to - in. 

FIGURE 46 
PANEL UNIT MASS (STRUCTURAL + APS + COOLANT  INVENTORY) 

vs OUTER  SKIN  THICKNESS 
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0.477 cm (0.188 in.)  Diameter 
Steel Fastener 

Coolant  Tube 
6061 -T6 Aluminum 
0.089 cm (0.035 in.) 
Wall Thickness 

Transverse Splice Plate 
2219-T87 Aluminum 

Coolant  Flow 

Manifold 

2024-T3511 Aluminum 
Support  Bulkhead 

Note: Section A-A  from figure 3 

FIGURE 47 
MANIFOLD  AND  TRANSVERSE EDGE SPLICE 
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t- 2.54 cm -I (1 .OO in.) 

1.27 cm 1.27 cm 
(0.50 in.) 0.127 cm (0.050 in.) 

2.87 cm 
(1.13 in.) 

Titanium  Hi-Lok 
0.396 cm (0.156 in.) Dia 

Splice Plate 
2219-T87 Aluminum 
0.127  cm (0.050 in.) Closure  Angle 

2219-T87 Aluminum 
0.064  cm (0.025 in.) 

Note: Section 6-6 from Figure  3 

FIGURE 48 
LONGITUDINAL  EDGE SPLICE 
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Inlet Solice Face Sheet7 

Coolant a t  255.6 K (OOF) 
18000 

i 
m 

+ E 4001 
+l 200 L 2 

Number 
c > 
Q 

300 n " 

0 0.25 0.50 0.75 1.6 
y/s, Distance from Center Wedge Insert 

% Edge 

s 
( 8 )  Tailored Manifold I 

% 
Heavy  Edge 
Complex 

Coolant:  MethanoVWater, 60/40 by Mass 

FIGURE 49 
CONSTANT  AREA  AND  TAILORED  MANIFOLD  DESIGNS  ARE  ELIMINATED 

-7 112 mc c 71 

I 
1 I24 mc Per Tube 

PAN  EL  PANEL 
I 

Q Section A-A EDGE 

FIGURE 50 
COOLANT  FLOW IN SELECTED  SPLIT  MANIFOLD  DESIGN 
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LL 0.3 m (lft) 

Ac = 2.36 kgls (5.2  Ibmlsec) 
Tc. = 256 K (OOF) 

I 

Section A-A 

Pressure Drop APS Mass 
Location 

(kPa) (kg/rn2) (psi) 

1-2, Entrance to  Manifold 

0.0023 0.01 12 0.787 5.43 6 , Entrance to Coolant Tube 
0.0006 0.0030 0.313 2.16 4-5, Inner Manifold Chamber 
0.0063 0.0308 2.126 14.66 3-4,  180' Turn 

0.0010 0.0049 0.327 2.25 2-3, Outer Manifold Chamber 

0.0019 0.0043 0.659 4.54 

Total 29.04  4.212 0.0542 0.0121 

Coolant: 60140 Mass Solution  of Methanol/Water 

FIGURE 51 
FULL SCALE  PANEL INLET  MANIFOLD PRESSURE DROP  AND APS MASS 
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1/2 rilc 

mc = 2.36 kg;s (5.2 Ibmhec) 

Section A-A 

Location 

6 , Exit  of Coolant Tube 
5-4, Inner  Manifold Chamber 
4-3, 180' Turn 
3-2, Outer Manifold Chamber 
2-1, Exit  of  Manifold 

Total 

Pressure Drop 

0.223 

Coolant:  60/40 Mass Solution of Methanolwater 

FIGURE 52 
FULL SCALE  PANEL EXIT MANIFOLD PRESSURE DROP 
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P3 = 359.9  kPa 
,- P:, = 500.6  kPa 

T1 = 255.6 K 
P1 = 529.5  kPa 

T4 = 320.6 K 
P4 = 344.7  kPa 

APS  Mass 
Inlet  Manifold ....................... 0,054  kg/rn2  (AP = 29.0  kPa) 
Panel (24 Tubes) ..................... 0.293  kg/rn2 = 140.7  kPa) 
Exit  Manifold 0.031  kg/m  (AP = 15.5kPa) 2 ....................... 

Total APS  Mass . . . . . . . . . . . . . . . . . . .  0.0378  kg/m2  (AP = 185.2  kPa) 

Coolant  Inventory 
5.94  kg  Per  3.7  m2 . . . . . . . . . . . . . . . . . . .  1.61  kg/rn2 

Total APS  Mass  Plus  Coolant Inventory . . . . . .  2.0  kg/rn2 

a. Metric  Units 

Pg = 52.2  psi 
,-- P2 = 72.6  psi 7 

T1 = O°F T4 = 117OF 
P1 = 76.8  psi  P4 = 50 psi 

APS  Mass 
Inlet  Manifold . . . . . . . . . . . . . . . . . . . . . . .  0.01 psf  (AP = 4.2  psi) 
Panel (24 Tubes) ..................... 0.06  psf  (AP = 20.4  psi) 
Exit  Manifold ....................... 0.01 psf  (AP = 2.2 psi) 

Total APS  Mass .................... 0.08 psf  (AP = 26.8  psi) 

Coolant  Inventory 
13.1 Ib Per 40 ft 0.33  psf 2 .................... 

Total APS  Mass  Plus  Coolant Inventory.. . ... 0.41  psf 
b. English  Units 

FIGURE 53 
COOLANT  PRESSURES  AND  COOLANT  MASS 

Methanolwater (60/40 by Mass) 
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Q 
Tube 

c 
Between 
Tubes /-Splice Plate 

,- Outer Skin 

79 Temperature Nodes 
Accounts for:  Interface Conductance  Between Outer Skin and  Tube; 
Outer Skin and Manifold; Splice  Plate  and Manifold; and 
Property  Variations with Temperature 

LManifold \ 
'"Dee Tube 

FIGURE 54 
THREE  DIMENSIONAL  MANIFOLD  THERMAL  MODEL 
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400 r 'Flat 

Coolant: Methanol/Water (60/40 by Mass) at 255.6 K LOOF) 

X =  

- I . . . . . . . .  0 0 0 0 Tg 15.2  crn (6.0 in.) 

I 

Panel 

y/s, Transverse  Location 
I 

Panel 
Edge 

FIGURE 55 
TRANSVERSE  TEMPERATURE  DISTRIBUTIONS  AT  MANIFOLD  INLET 
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1 

'. (5.5 in.) 

400 

- 

* 350 
E 
I 
3 
c.l 

(I) 

- E  
300 

- 
250 

0 

- I  
Between Tubes 

-1 

Outer Skin 

-2 

-3 
Above Tube 

- Tube 

Manifold 

I -5 
I I 

5 10  
X - Distance from Panel End - cm 

15 

I 1 I I 1 I I 
0 1 2 3 4 5 6 

X - Distance from Panel End - in. 

Coolant:  MethanoVWater (60/40 by Mass) 
at 255.6 K (OOF) 

FIGURE 56 
LONGITUDINAL  TEMPERATURE  DISTRIBUTIONS  AT  PANEL  INLET 
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450 

400 
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350 
3 c 

d 
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E 
r-" 

300 

- 

"Flat Portion of 

Coolant: Methanol 
at 320.6 K (117OF) ' 4  - X =  

15.2 cm (6.0 in.) 

1.09 cm (0.43 in.) 

1.09 cm (0.43 in.) 

T~ 5.09 cm (2.0 in.) 

0 0 0 0 T7 5.09cm  (2.0 in.) """"- T~ 5.09 cm (2.0 in.) 

I - I " T~ 1.09 cm (0.43 in.) 

- "I" T~ 5.09 cm (2.0 in.) 

0.25 0.50 0.75 

y/s, Transverse  Location 

1 .o 
I 

Panel 
Edge 

FIGURE 57 
TRANSVERSE  TEMPERATURE  DISTRIBUTIONS  AT  MANIFOLD  EXIT 
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Splice  Plate7 f i x  

300 

200 
0 

E 
2 

E 

3 
4- 

al a 

g 100 

C 

Coolant: 

. r o u t e r  Skin 

1 

/ 

MethanolNVater (60/40 by Mass) 
a t  320.6 K (117'F) 

c 

- I  
4 TUB E - 

r Between Tubes 

I -1 

-2 

-3 

"L2-45 Manifold 

Inner J - 

I 5 10 15 
X - Distance from Panel End - cm 

I I I I I 1 1 
0 1 2 3 4 5 6 

X - Distance from Panel End - in. 

FIGURE 58 
LONGITUDINAL TEMPERATURE DISTRIBUTIONS AT PANEL EXIT 
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Temperature 

Interface  Conductance for: 
1. FM-400/Titanium  Laminated 

Joint 2. FM-400  Solid  Specimen 
3. Eccobond 58C 
4. Eccobond 58C with 5% Diluent 

Eccobond 58C 

Design  Temperature 

0.6 1 2 4  6 8 10 
2o 2 

40 60 
Interface Conductance  of Outer  Skin/Manifold Bond kW/rn - K 

100  200 400  600 1,000  2,000 4,000  6,000 10,000 

Interface Conductance of Outer  Skin/Manifold Bond - Btu/hr - ft2 -OF 

Bond Joint Thickness is  0.01 5 cm (0.006 in.) 
0 Methanol/Water (60/40 by Mass) 
0 mc = 2359 g/s (5.2 Ibm/sec) 
0 Inlet  Coolant  Temperature= 256 K (OOF) 

Exit Coolant  Temperature = 321 K (1 17OF) 

FIGURE 59 
MANIFOLD  FACE SHEET  TEMPERATURE vs INTERFACE 

CONDUCTANCE  OF  BOND  JOINT 



I -  

01 
m - 
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* E  
t 

APS 
Mass 

Design - - - - 

1500 

C .- m 
ln 

1000 
LC 

C 

ln 
ln 

500 r" 
a 

" 100 

I I 1  I I I 
5 10 15 20 25 

Interface Conductance of Outer Skin/Tube Bond - kW/m2. K 

I I I I I :  
0 1000 2000 3000 4000 

Interface Conductance of Outer Skin/Tube Bond - Btu/hr - ft2 - OF 

Design Coolant Flow Rate = 2.36  kg/s  (5.2 Ibm/sec) 
0 Design  APS  Mass = 0.0378 kg/m2 (0.08 Ibm/ft2) 

Methanolmater (60/40) by Mass 
0 Maximum Panel Temperature of  422 K (3OO0F) 

(Outer  Skin Midway Between  Tubes) 

FIGURE 60 
COOLANT  FLOW  RATE  AND APS FUEL  REQUIREMENTS 

vs INTERFACE  CONDUCTANCE 
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! 

I 

2%- 1.27 cm (0.5 in.)  Typical 

Centerline 

Frame  Location 

-1 

0 
w 

1000 Joints 
1057 Bars 
776 Panels 

3090 Degrees of Freedom 

FIGURE 61 
FULL  SCALE  PANEL  STRUCTURAL  IDEALIZATION 



6061 -T6. Tu be 

Positive  Stress is Tension 
Negative Stress is Compression 

FIGURE 62 
ACTIVELY COOLED  PANEL  THERMAL STRESS 
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221 9-T87 
Outer  
Skin 

Positive  Stress is Tension 
Negative  Stress  is Compression 

FIGURE 63 
ACTIVELY  COOLED  PANEL  INLET  MANIFOLD  THERMAL STRESS * 

132 



Constant -A+ Mechanical Loading Only Mechanical  Plus Thermal Thermal Loading Only 
MPa (ksi) MPa (ksi) MPa (k_si) 

Cyclic 

-4.52  (-0.66 I 2 84.76 (+ 12.29)  80.24,  -89.28 (1 1.63, -1 2.95) 

24.89  (3.61 2 84.70  (k12.28)  109.59,  -59.81 (1 5.89, - 8.67) 

I I 

I 
I 

' Q  
\ & I J  

74.46 ( 10.8) 279.72  (211.56)  154.18, - 5.26  (22.36, - 0.76) I + \ \  I ,471 
I I 

I 
I 

-6.21  ("0.90)  2111.21  (216.13)  105,  -117.42  (15.23,  -17.03) 

FIGURE 64 
STRESS LEVEL AT FLAW 
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0.636  cm Typ 
(0.25 in.)- - 

0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  

0.160 crn Dia Typ 
(0.063 in.) 

FIGURE 65 
PERFORATED  SKINS  USED TO MINIMIZE SOLDER JOINT  VOIDS 

'(Used on one skidDee  tube/manifold specimen  and first test  panel attempt) 
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FIGURE 66 
RADIOGRAPH  POSITIVE OF SOLDERED 
SKIN/DEE  TUBE/MANIFOLD SPECIMEN 
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n 
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.- 
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- Test No. 1 
I - Test No. 2 

Notes: 
1.  Pmax = 13.8 kN (3,100  Ibf)  

2. fma, = 106.9  MPa  (15.500 psi) 

3. Initial  Flaw  Size 

/ / 
0.277 cm dia 
(0.1 09 in.) 

0.437  em 
(0.172  in.) -)1 / 
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F 
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0 5 10 15  20  25 30 35 
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FIGURE 67 
BASIC  SKIN  SPECIMEN - FATIGUE  CRACK  PROPAGATION 
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2.0 - Notes: 

1. Pmax = 18.1 k N  (4070 Ib) 

2. fmax = 82.7 MPa (12.000 p s i )  
3. Initial Flaw Size 
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0 50  100 

Number of Cycles - Thousands 

FIGURE 68 
SKIN/DEE  TUBE/MANIFOLD SPECIMEN FATIGUE CRACK LENGTH 

vs CYCLES (SOLDERED SKINS) 
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( 1  .OO in.) 
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Maximum Panel Temperature - 
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I 

Turbulent Entire 
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I Ethylene Glycol/Water (60/40 by Mass) 
I Initial Coolant  Temperature of 283.3 K (5OoF) 
I Low Temperature Solder - 
I 
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F 100  310 I Selected 
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I- Design Flow Rate (Per Tube) 
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I 
I Panel Pressure Drop 
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Coolant Flow Rate Per Tube - kg/s 
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1000 1200  1400 
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FIGURE 69 
GLYCOLNVATER  FLOW RATE FOR FULL SCALE PANEL  DESIGN 
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Ethylene Glycol/Water (60/40 by Mass) at 283.3 K (5OoF) 
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FIGURE 70 
ACTIVELY  COOLED  TEST  PANEL  TEMPERATURES  FOR  A 

SIMULATED  FULL SCALE INLET  CONDITION 
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FIGURE 71 
ACTIVELY COOLED  TEST  PANEL  TEMPERATURES FOR  A 

SIMULATED  FULL SCALE EXIT  CONDITION 
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Inlet 7 Full Scale Design 
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FIGURE 72 
STEADY  STATE  TEMPERATURES  OF 

TRANSVERSE SPLICE PLATE  AT  PANEL  CENTERLINE 
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r -  Steady-State 
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Inlet  Manifold - edge 
0 Ethylene  Glycol/Water (60/40) 
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-” 
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FIGURE 73 
MANIFOLD  TEMPERATURE  DIFFERENCES 
FOR A  SUDDEN  HEAT-UP  AND  COOL-DOWN 
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FIGURE 74 
PANEL  TEMPERATURE  DIFFERENCES FOR A  SUDDEN  HEAT-UP  AND COOL-DOWN 
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' Predicted: 
Test Panel -Steady  State 
Test  Panel  -Sudden  Heater  Shutdown 
Test Panel -Sudden  Heatup 

MethanoVWater,  Eccobond 58C)  
[I 4 Steady  State  (Full Scale Panel, 
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FIGURE 75 
TEST vs FULL SCALE PANEL  THERMAL STRESSES 7.62 cm (3.0 IN.) 

FROM  INLET  MANIFOLD 
GlycolhVater  (solder) 

0 
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- 0 . 3  m (lft)-== 

hc = 3.23 kg/s (7.13 Ibm/sec) 

Tc = 283 K (5OoF) 

Section A-A 

Pressure Drop APS Mass 
Location. 

(kpa) (lbm/ft2)  (ks/m2) (Psi) 

1-2, Entrance to Manifold 

0.0043 0.0208 1.26 8.69 6 , Entrance to Coolant  Tube 
0.0017 0.0084 0.51 3.51 4-5, Inner  Manifold Chamber 
0.01  16  0.0565 3.42 23.58 3-4, 180' Turn 
0.0018 0.0087 0.53 3.65 2-3, Outer  Manifold Chamber 
0.0036 0.0175 1.06 7.30 

Total  46.73  6.78 0.1  120  0.0230 

Coolant: 60/40 Mass Solution  of  Ethylene  Glycol/Water 

FIGURE 76 
TEST  PANEL INLET MANIFOLD  PRESSURE  DROP 
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6/  I 
1-0.3 rn (1ft)- 

1 /2 tilc 1/2 lilt 

L=r 

&, = 3.23 kg/s (7.1 3 Ibm/sec) 

T, = 332 K (1 38OF) 

PC = 345 kPa (50 psi) 

t 

Section A-A 

Pressure Drop APS Mass 
Location 

(kPa) (lbrn/ft2) (kg/rn2) (psi) 

6 , Exit  of Coolant-Tube 

0.0022 0.0109 0.63 4.34 2-1, Exit  of Manifold 
0.0014 0.0066 0.38 2.62  3-2, Outer Manifold Chamber 

0.0063 0.0308 1.78  12.27 4-3, 1 80° Turn 
0.0013 0.0062 0.36 2.48 5-4, Inner  Manifold Chamber 

0.0037  0.01 80 1.04 7.1 7 

Total 28.88 4.19 0.0730 I 0.0150 

~~ 

Coolant: 60/40 Mass Solution  of  Ethylene GlycoVWater 

FIGURE 77 
TEST  PANEL EXIT  MANIFOLD PRESSURE DROP 
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FIGURE 78 
DEE TUBES, END PLUGS, AND  MANIFOLD  DETAIL 
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FIGURE 79 
TUBES/MANIFOLD  DETAIL/BRAZING  TOOL  AND CLAMPS 

148 





FIGURE 81 
TUBE/MANIFOLD ASSEMBLY 



FIGURE 82 
PERFORATED  OUTER SKIN AND CLOSURE ANGLES 



FIGURE 83 
TINNED  OUTER  SKIN  AND  TUBE/MANIFOLD  ASSI"LY 



1.27 cm (0.50 in.) 
Stiffened Aluminum Plate 

Insulation Package 1.27 cm (0.50 in.) 
Stiffened  Aluminum Plate 

Bellmouth  Transition 
Piece (Inlet  Manifold) 

Hot  Air 
Supply 

FIGURE 84 
SETUP FOR MAINTAINING CORRECT  SOLDERING 

TEMPERATURE  PROFILE 
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Unetched - 50X Etched - 50X 



I 
AI 

I I 
Sn Zn 

Solder in 
Crack 

FIGURE 87 
MICROSTRUCTURE OF CRACKS I N  6061-T6  TUBE 



Cross Section - Ruptured  Tube Solder  Covered  Surface (SEMI 
- Area 3 - 

Note: 
Areas 2 and 3 cracked in processing. 
Area 1 mechanically fractured  for  examination. 

FIGURE 88 
SOLDER MIGRATED  INTO CRACK IN TUBE DURING SOLDERING  OPERATION 



AI Sn Zn 

Energy  Dispersion  Analyzer (X-ray),  EDAX, Analysis Fracture - Solder Contamination 
Area 2 - SEM-100X 

FIGURE 89 
EDAX  INDICATES SOLDER MIGRATED  INTO CRACK IN TUBE  DURING 

SOLDERING  OPERATION 



AI 

Energy  Dispersion  Analyzer (X-ray),  EDAX, Analysis Fracture - No Solder 
Area 1 - SEM-100X 

. .  

FIGURE 90 
EDAX  INDICATES NO SOLDER ON  MECHANICALLY 

FRACTURED  AREA  OF  TUBE 



"Sound" Joint 
(400x1 

Adjacent Area  Showing 
Separation of Copper 

Strike a t  Tube Boundary 

FIGURE 91 
NICKEL/COPPER/TIN PLATED AND SOLDERED TUBE END OVER MANIFOLD 



t- No Evidence of Bronze Strike, 
Tin Plate or Solder After 

Removal of  Tube 

2024-T81 Cover Skin 1 
FIGURE 92 

INDICATION OF EROSION  APPARENTLY  DUE TO SOLDER PENETRATING 
PLATING  ON 2024-T81 
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